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ABSTRACT

A combination of uranium doping with thermal neutron irradiation has been
well demonstrated to be one of the most effective means to introduce pinning centres
in (Bi,Pb) 2 Sr 2 Ca 2 Cu 3 O x /Ag tapes (Bi-2223/Ag). A substantial improvement in flux
pinning and reduction of anisotropy in uranium doped Bi-2223/Ag tapes has been
achieved due to thermal neutron irradiation. However, the radioactivity of the silver
sheath is too high for practical application of this technique.
This work aimed at minimising the detrimental effects of doping to allow for
later irradiation and fission to create columnar defects for strong flux pinning. A
number of uranium containing compounds, U 3 O 8 , U(Ca,Sr) 2 O 5 , and U(Ca,Sr) 3 O 6
have been identified in the U-Bi-Sr-Ca-Cu-O system. These equilibrium compounds
have been synthesised and added to Bi-2223/Ag composite tapes in progressively
greater amounts. The effects on the transport critical current density of Bi-2223/Ag
of doping with a variety of uranium compounds up to 2 at% was determined.
The compatibility and interaction between uranium compounds and the Bi2223 matrix was systematically studied under various thermal processing conditions.
Bi-2223/Ag doped with compounds using compositions closer to the equilibrium
composition was shown to have superior superconducting properties to that doped
with uranium oxide compounds. The effects of chemical degradation by uranium
compound dopants via strontium and calcium removal from the Bi-2223 structure
have been indirectly determined by critical current density (J c ) measurements. Losses in J c can be minimised by stabilising uranium into appropriate compounds.
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UCa 1.5 Sr 1.5 O 6 shows a remarkable compatibility with Bi-2223 phase, with critical current density reduced by about 15% at a doping level of 1.1 at%, compared
with the 85% reduction in critical current density at the same doping level of pure
uranium oxide. X-ray diffraction (XRD) results show that UCa 1.5 Sr 1.5 O 6 has no effect on Bi-2223 formation, while U 3 O 8 caused degradation of Bi-2223 phase up to
50% at a doping level of 1.1 at%. The uranium compound doping also widens the
processing window to 15 oC.
Microstructural changes due to doping were investigated. Removal of elements
from the Bi-2223 matrix by uranium compound dopants was studied by energy dispersive X-ray spectroscopy (EDS). It was found that UCa 1.5 Sr 1.5 O 6 least degraded
electrical performance and microstructure, as it removed the least elements from the
matrix. It would appear that UCa 1.5 Sr 1.5 O 6 most closely approximates an ideal Bi2223 compatible uranium compound, but it still removes some amount of copper.
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INTRODUCTION
(Bi,Pb) 2 Sr 2 Ca 2 Cu 3 O x /silver (Bi-2223/Ag) composite superconducting tapes

have shown great promise for commercialisation.1 They have several advantageous
properties that make them attractive when considered for engineering application.
The most important of these, of course, is their high critical temperature (T c ) of 110
K, theoretically enabling them to be used at liquid nitrogen temperatures.2 In addition, they have favourable mechanical properties, with various authors reporting reproducible kilometre lengths of such tapes.3-6 With upper critical magnetic fields
(H c2 ) around 100 T, they are also extremely attractive for high field magnetic applications.7
However, Bi-Sr-Ca-Cu-O (BSCCO) material has several inherent drawbacks
leading to significant detrimental performance and application concerns that need to
be overcome before full commercial realisation can be achieved. Chief among these
are the material’s low flux pinning strength and large critical current (J c ) anisotropy.
These problems lead to poor performance in the presence of magnetic fields, especially when the tapes are non-optimally aligned with the flux. The cause of these
problems is the short coherence length (ξ) and two dimensional (2D) structure of
these materials. These well known problems have been addressed in many ways, and
numerous methods have been proposed and tested, with varying degrees of success
and cost efficiency, in attempts to overcome these concerns.8-14
Magnetic flux pinning can be achieved within the Bi-2223 structure by various
structural modifications. Introduction of non superconducting regions that can act as
flux pinning centres is an effective method of preventing flux creep and subsequent
loss of J c in magnetic fields. Additionally, such methods will also enhance the per-
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formance of the superconductor when operating under lower magnetic field conditions. Particle doping, with particles such as B 2 O 3 , TiO 2 , MnO, MgO, SiC, and others, provides small sites for magnetic flux pinning, but may also have detrimental
chemical and weak link effects on the BSCCO matrix.15-19 Additionally, the size of
the particles introduced is rarely optimum for maximum flux pinning, as defects
around the size of the coherence length (a few nm in the case of BSCCO) are desired.20,21
Radiation methods can reliably create the small defects required with minimal
danger of chemical degradation or introduction of weak links. Heavy ion irradiation
and fast neutron irradiation are two basic irradiation techniques, but each has limitations. Ion beam irradiation generates aligned, or minimally splayed, tracks; and fast
neutron irradiation creates only one-dimensional defects. Both situations are less
than optimal. Alternative approaches that generate both randomly distributed, nonaligned, extended, coherence length sized defects are limited to fission techniques.
Two approaches have been investigated to date: doping of one or more of the constituents of the superconductor with a fissionable isotope, or doping of the superconductor with an external fissionable isotope.22 Comparisons between the two approaches show that the former (while superior, as it does not as severely chemically
degrade the superconductor or introduce weak links) is several orders of magnitude
more expensive and also unsuitable for practical use.23
Weinstein et al. demonstrated great beneficial effects in YBa 2 Cu 3 O 7-δ with the
so-called uranium/neutron (U/n) method.23-25 This technique involves doping the superconductor matrix with 235U and then irradiating the doped material with a fluence
of thermal neutrons, causing fission of the 235U dopant. Passage of the daughter atoms
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through the matrix creates columnar defects (fission tracks) with diameter approximately equal to the coherence length. These coherence length sized defects are excellent pinning sites for magnetic flux. The U/n method is highly effective, cost efficient, and directly applicable to Bi-2223.26,27
The U/n method was successfully employed in processing Bi-2223/Ag.27 Results showed a substantial improvement in flux pinning and reduction of anisotropy
in uranium doped and thermal neutron irradiated Bi-2223/Ag tapes.28,29 This significant advance has opened an exciting research direction that could potentially rectify
the crucial problem of poor pinning in bismuth HTS. However, the reaction chemistry between uranium oxide and the Bi-2223 matrix has not yet been established, and
several effects need to be determined and optimised before further work can proceed.
Although successful, the U/n method when applied to Bi-2223 has problems with
chemical interaction between the dopants and Bi-2223.30
An unfortunate problem that is present in Bi-2223/Ag composites is the capture of thermal neutrons by the silver sheath, and the resultant formation of a γ emitting isotope of silver (110mAg).27 This radioactivity is a significant stumbling block to
future use of such doped superconductors as it creates a potential radiation hazard. In
order to reduce this danger for practical use, it is necessary to reduce the thermal
neutron fluence. However, doing so reduces the number of fission incidents within
the Bi-2223, and thus also the overall gain in flux pinning capacity. Adding greater
amounts of uranium counters this, but carries with it problems of greater phase disruption and microstructural damage.
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Although relatively highly studied, the Bi-2223/Ag system is chemically complex and it is difficult to predict the chemical effects of additions of new elements to
the material.31-34 Additions of various types are often made for different reasons, in
particular to introduce non-superconducting regions that engender flux pinning9 or to
promote faster or greater formation of the main superconducting phase Bi-222335,36.
Impurity additions inevitably change the reaction equilibrium and kinetics, thus forcing processing parameters to be adjusted in order to optimise superconducting properties. The large body of knowledge regarding doping of BSCCO has shown the often serious deleterious effects of the introduction of additional species into the already phase complex BSCCO matrix. However, Weinstein et al., and others, have
also shown that relatively little adverse effects can be generated, or even positive effects gleaned, if appropriately chemically stabilised and homogenously distributed
forms of dopants are employed.26,37
In this work, the interactions of uranium with the Bi-2223 matrix were investigated. It was desired to ascertain the effects uranium additions had on the chemistry
of the Bi-2223 system. In particular, the uranium compounds and phases that form
with the elements present in Bi-2223, under typical Bi-2223 processing conditions,
will determine the extent of influence uranium additions have on the superconducting performance of the Bi-2223/Ag tape. If the uranium stabilises into simple equilibrium compounds, then little interaction might be expected. At the other end of the
spectrum, if a large solid solubility for uranium exists in the primary Bi-2223 superconducting phase, then much more severe effects on physical properties, including
reduction of T c , might be expected. The presence of an additional element in the system will also likely alter the phase equilibrium of the Bi-2223 system. This may be a
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problem, or a boon; elemental doping of the Bi-2223 system has had many varied
and dramatic effects, such as the great success achieved with lead doping.38,39
Thus, an additional aspect of the work undertaken was to determine the changes required in processing to obtain optimum minimal degradation of uranium doped
Bi-2223 superconducting properties. As may be imagined, the optimal processing
conditions will vary with the amount and form of uranium dopant. Ideally, a highly
suitable dopant uranium compound would be first identified, and then conditions optimised. Unfortunately, the effect on superconducting performance of any given dopant compound may not be fully apparent until the effect of its alteration of required
processing conditions is first understood. Different dopant compounds must be compared on equal ground; they each need to have processing conditions optimised for
their own unique interactions with Bi-2223.
So that the cause of performance variation could be ascertained, and to thus reduce the required iterations of compound selection and processing condition optimisation trials, observed phenomena were related to the underlying structure-property
relationships. It was hoped that a firm understanding of the microstructural processes
and changes that were occurring would allow more rapid elimination of dopant compounds and faster, more accurate, selection of new compounds to test. To this end, a
range of material characterisation techniques were employed to correlate the changes
in properties with changes in structure.
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2

LITERATURE REVIEW

2.1 MATERIAL CHARACTERISTICS OF BI-2223 & BI-2223/AG
2.1.1 Chemical
Bi 2 Sr 2 Ca 2 Cu 3 O 10 is a complex oxide material originally tentatively identified
in early multiphase Bi-Sr-Ca-Cu-O samples.40-42 It proved difficult to synthesise until Sunshine et al. established that additions of lead enhanced formation of the
phase.40,43 Interestingly, apparently single-phase lead containing Bi-2223 could be
synthesised

with

a

wide

range

of

stoichiometries,

for

example,

Pb 0.34 Bi 1.84 Sr x Ca y Cu x O w , with 1.87 ≤ x ≤ 2.05, 1.95 ≤ y ≤ 2.1, and 3.05 ≤ z ≤ 3.2.44
It is worthwhile to compare these values to the stoichiometry of the powder used in
this work (§4.3), Pb 0.33 Bi 1.80 Sr 1.87 Ca 2.00 Cu 3.00 O x , and to note the similarity.

2.1.2 Crystallographic
Crystallographically, the superconducting Bi 2 Sr 2 Ca n-1 Cu n O 2n+4 compounds
have an orthorhombic structure.45 They consist of perovskite copper oxide planes
sandwiched between double bismuth oxide layers with rock salt coordination, and
have been compared to the Aurivillius Phase.46-48 Figure 2-1 provides a schematic
representation of this arrangement.48 This body-centered orthorhombic Bravais lattice is only an average structure, however, as the compounds display incommensurate modulation.48
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Figure 2-1 Ideal structures of Bi 2 Sr 2 Ca n-1 Cu n O 2n+4 : (a) n=1 (b) b=2 (c) n=3.48

Extremely anisotropic in their structure, with short a and b lattice parameters,
but long c lattice parameters, and with weak c-axis long distance (≈3.2 Å) bismuth to
oxygen bonds, the material is very 2D in its behaviour.40,46 Table 2-1 gives lattice
parameter data for the BSCCO family of superconducting compounds.
Table 2-1 Lattice parameters for BSCCO compounds.48

Compound
Bi 2 Sr 2 CuO 6
Bi 2 Sr 2 CaCu 2 O 8
Bi 2 Sr 2 Ca 2 Cu 3 O 10

a & b Lattice Parameters (Å)
3.81
3.81
3.81

c Lattice Parameter (Å)
24.61
30.66
37.10

2.1.3 Microstructural
BSCCO has a tendency to delaminate by cleaving between the widely separated (0.3 nm) Bi-O sheets, forming charge neutral sections.49,50 This process results in
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the typically observed micaceous morphology, in which the material forms very thin
platelets.40 As a result of this, anisotropic 2D behaviour is observed in both the mechanical and physical properties of this material.20 However, this ease of shearing
proves advantageous in regard to mechanical deformation and wire forming as it allows the BSCCO material to be shaped with relative ease.51

As a result of the forming processes employed (§2.2.5) and the predisposition
of BSCCO to form platelet-like grains, the microstructure of a typical Bi-2223/Ag
composite is extremely 2D. Platelets of Bi-2223 form within the tape core, and as a
result of mechanical deformation, are aligned along the direction of the length of the
tape.52 The platelets are typically disc shaped, some 2-10 µm in diameter, and less
than 1 µm in height, much like a squat cylinder (see §8 for microstructural images
that depict this).53 The c-axis of the BSCCO crystal lattice is aligned “vertically”
(perpendicular to the tape surface, longitudinally with respect to the cylindrical platelet).52,54 The a and b planes of the BSCCO crystal lattice are aligned radially (usually
randomly between lengthwise and across the tape directions).52

With its rather complicated crystallographic structure, and being a ceramic material, BSCCO is prone to a host of crystallographic and microstructural defects.
Many of these defects are all but unavoidable and must be considered intrinsic to the
material. Unfortunately, the mechanical processing that is necessary to form
BSCCO/Ag composites, as well as the ceramic nature of BSCCO, result in a multitude of microstructural and crystallographic defects in BSCCO. It is expected that
the already granular BSCCO structure will typically contain further defects such as
voids, cracks, twin boundaries, stacking faults, incommensurate modulation, disloca-
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tions, oxygen nonstoichiometry, cation disorder, and vacancies.46,48,55,56 Most of
these types of defects are detrimental to superconducting performance, while some
(such as dislocations and oxygen vacancies) can prove beneficial.48,51
One of the most troublesome characteristics of Bi-2223 is its typically observed phase impurity. Even with precise stoichiometric control and careful thermal
processing, production of phase pure Bi-2223 is almost impossible.15,38,48,51 It essentially has to be accepted that BSCCO phases other than Bi-2223 will more than likely be present in the final material. Likewise, compounds formed from the mixture of
Bi-Pb-Sr-Ca-Cu-O are almost unavoidable. Much work has been done in attempts to
optimise the chemistry, stoichiometry, and processing conditions of Bi-2223/Ag in
order to reduce impurity phases (§2.2).51 It is possible to create single crystal Bi2223 samples by a fused-salt reaction technique, but this process is likely unsuitable
for Bi-2223 tape formation.57
Typically, Bi-2212 will be found as either a separate phase, or as intergrowths
within the Bi-2223. It is hypothesised that this is due to the growth mechanism of Bi2223, in which additional Ca-Cu-O bilayers are intercalated into an existing Bi-2212
grain by means of pipe diffusion of calcium, copper, and oxygen along edge dislocations.48,58-64 Although this proposal is contended, and other growth mechanisms are
proposed to act either in preference to, or simultaneously with, intercalation.54 In
particular, nucleation and growth of blocks of Bi-2223 appears to be dominant when
a large amount of liquid phase is present.60,65-67
The presence of other compounds in the final Bi-2223/Ag composite tape is
largely dependant on the starting powder used for production of the tape, and to
some extent, the processing techniques employed.51 For instance, when strontium
9

and calcium carbonates are used in a solid-state reaction technique, it is common to
find quite large segregated particles of Cu-O, Ca-Cu-O, and Sr-Ca-Cu-O in the final
Bi-2223 core.51 Common secondary phases and particles that may be present in Bi2223 include: Bi-2212, Bi-2201, Bi-3221 ((Bi,Pb) 3 Sr 2 Ca 2 CuO x ), Bi-4435
((Bi,Pb) 4 Sr 4 Ca 3 Cu 5 O x ), SrCaCu 4 O 6 , SrCaCu 2 O 4 , (CaSr) 2 CuO 3 , (Ca,Sr)CuO 2 ,
SrO, CuO, (Ca,Sr) 2 PbO 4 , (Sr 0.8 Ca 0.2 ) 14 Cu 24 O 41 , Sr 3-x Ca x Cu 5 O y , and amorphous
phases.44,48,51,58,68,69

2.1.4 Physical Performance Implications
The net result of the particular material characteristics of Bi-2223 and the imperfect real-world material structure are a number of performance limitations and
problems. Ideally, given perfect processing and faultless control of the material’s
microstructure, samples of Bi-2223/Ag would contain large grains of Bi-2223 with
no secondary phases.70 The Bi-2223 grains would be neatly stacked, and their ab axes would be aligned with low angle grain boundaries. It is commonly believed that
grain boundaries with low angles are more intimately bonded and are better able to
pass supercurrent.33,51 Such low angle grain boundaries are referred to as “strong
links”. Wang et al. determined that above around 2o misorientation, T c across the
grain boundary is reduced, and above around 8o, the boundary becomes a “weak
link” and supercurrent cannot easily pass through.71,72 However, contrary to this result, Li et al., and Cai and Zhu, found no reduction in T c or critical current carrying
capacity in similarly misoriented grains.48,73
Regardless of the situation with respect to grain boundary misorientation,
BSCCO contains weak links introduced in other ways. A weak link is any region of
the material that impairs the flow of supercurrent, such as a crack, pore, or impurity
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phase.70 Defects smaller than ξ are effectively ignored by the electrons that comprise
the supercurrent, and do not interrupt its flow.2 Conversely, defects larger than ξ obstruct the flow of supercurrent, creation regions of normal material within the superconducting bulk. While this phenomena can prove highly advantageous through pinning of magnetic flux lines by Lorentz forces, it can also prove disastrous as sufficiently large or widespread defects can completely, or nearly so, inhibit the flow of
supercurrent.74
With Bi-2223 having a coherence length of around 13 Å in the a-b plane and 2
Å in the c direction, even fairly small defects can have significant impact on the ability of the material to carry supercurrent over distances of much greater than a single
grain.7 Of particular concern in multi-phase BSCCO material are nonsuperconducting phases, particles, or precipitates. Such inclusions are considerably
larger than ξ, and with a typical Bi-2223/Ag core being no greater than around 50
µm across (much less for mutli-core tapes), disruption of the flow of supercurrent is
a very real possibility. Perhaps the most problematic types of secondary phases are
ones in which their morphology is such that they coat the outside of BSCCO grains.
For example, amorphous phases, frequently with quite similar chemical composition
to neighbouring grains, are often found along the grain boundaries in thin layers.48,7577

Even a very thin coating is sufficient to impede the flow of supercurrent between

grains. Even nanoscopically sized variations in structure, such as filamentary phase
separation of optimally oxygen doped material and oxygen underdoped material can
affect the superconducting performance.78
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2.2 PROCESSING OF BI-2223/AG
Ideally, Bi-2223 could be used as a superconductor in its own right. However,
it has several inherent problems that preclude it from being used directly. The first of
these is its chemical reactivity. BSCCO needs to be protected from environmental
damage, and in particular moisture or humidity,3,79-82 and carbon di-oxide80. The second major stumbling block to direct use of BSCCO is its poor mechanical characteristics. Typical of ceramics, BSCCO is brittle, and difficult to form into useful shapes
(such as long lengths of wires).
A Bi-2223/Ag composite is selected because of the chemical compatibility between Bi-2223 and silver. While other sheath materials may react with the Bi-2223,
silver is relatively inert, and even serves to simplify thermal processing by reducing
the melting temperature of the Bi-2223.83 A composite between the brittle Bi-2223
and ductile silver can be formed into technologically useful shapes, such as long thin
tapes.83,84 Additionally, while in the type-II superconducting regime, the silver
sheath serves as a thermal mass that assists supercurrent flow by stabilising the Bi2223s thermal environment.85

2.2.1 Precursor Powder Synthesis
Production of silver-sheathed Bi-2223 power in tube (PIT) tapes begins with
synthesis of the Bi-2223 precursor powder. It is advantageous for the Bi-2223 precursor powder to exhibit desirable properties:51


Homogenous chemical composition;



Homogenous phase composition;



Appropriate phase assemblage;



Small particle size;
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Narrow particle size distribution;



High reactivity;



Contaminant free powder.
A variety of techniques is employed for achieving these goals.86 The various

techniques all produce powder that meets the above requirements, but each technique
has a variance of performance over the different desirable powder qualities. Additionally, the techniques each have other drawbacks or positive points particular to
their route.
The simplest technique is a solid-state reaction method.51 Even though it is
simple, the system has a number of variable parameters that need to be finely tuned
and optimised, after which the technique gives good results.87 It is a cost effective
process, but may cause problems such as contamination from milling equipment and
residual inhomogeneity in the final product.51 A co-precipitation technique has been
employed to give atomic level mixing and highly reactive powder.51 The disadvantages of this process include a difficulty in controlling stoichiometry, as the process relies on oxalic acid co-precipitation and variable pH values, and a potential for
carbon contamination from the oxalic acid; and the process is not commonly employed for High-T c material synthesis.51 Improvements to this technique have been
made by the use of a pyrolyzable precipitating agent that allowed precipitation of
metal-ion hydroxide-carbonates at high pH.

88,89

Co-decomposition from aqueous

nitrates of the composite cations of Bi-2223 while drying is a simple and effective
mechanism, but suffers from potential phase segregation during calcining due to
non-simultaneous precipitation.39,51 Sol-gel techniques have the capacity to produce
ultrafine powders of homogenous chemistry and small particle size, but suffer from
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high process expense and potential carbon contamination from the citric acid employed.51,90 Freeze-drying is an excellent technique as it allows for atomic level mixing without the potential for contamination by additional elements.51 The process
involves flash freezing a solution of nitrates by spraying into liquid nitrogen, followed by freeze drying at low temperature and pressure.51 The primary drawback of
the process is the precise control needed of the calcining step to avoid demixing at
lower temperatures.51 Spray-drying is similar to freeze-drying, in that a solution of
nitrates is sprayed into a hot chamber to evaporate moisture.51 Its main disadvantage
is poor control of particle size, with the consequent potential need for additional
milling.51 Spray pyrolysis is similar to spray-drying, but involves spraying into a
high-temperature furnace, so that evaporation and calcining occur immediately and
sequentially.51 It is an effective method, producing highly reactive powder,86 but can
result in loss of stoichiometry as elements with greater volatility (such as lead) can
evaporate during the process if the pyrolysis temperature is not carefully maintained.51

2.2.2 Chemical Composition
As discussed above (§2.1.1) Bi-2223 can exist with a wide range of chemical
stoichiometries.91 With a broad scope for solid solution and intersubstitution of elements, an exact starting stoichiometry does not necessarily result in phase pure Bi2223 after processing.51 This is especially true as a result of lead additions to promote formation of the desired Bi-2223 phase.38,39 The processes employed to fabricate and form the Bi-2223/Ag tape influence the choice of starting stoichiometry,
with the thermodynamic processing dictating critical parameters.51 In general, precursor powders for Bi-2223 typically contain a slight excess of bismuth and calcium.51 The bismuth promotes liquid phase formation, and thus more ready Bi-2223
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phase formation, while the excess calcium compensates for the slow incorporation
rate of calcium into the Bi-2223 phase.51 Additionally, residual Ca 2 CuO 3 , Ca 2 CuO 2 ,
and Ca 2 PbO 4 precipitates can act as pinning centres, if their size and distribution can
be controlled sufficiently.92-95 Carbon as a contaminant is particularly problematic,
and seriously damages Bi-2223/Ag tape performance. It is thought that carbon reacts
during thermal processing to produce vapour, which results in bubbling and voids,
with subsequent loss of connectivity between Bi-2223 grains.96
Bi-2223/Ag with superior J c performance is usually synthesised from precursor powders that contain predominantly Bi-2212 and additional components to allow
the Bi-2212 to react to form Bi-2223.1,92 Precursor powders containing predominantly Bi-2223 do not form such high quality final tape.97,98 During production of Bi2223/Ag, the tape core needs to become Bi-2223, but at the same time, the Bi-2223
within the core needs to align. When the silver tube is packed with already reacted
Bi-2223, the alignment process must occur by solid state reaction, with concomitantly slow kinetics.51 On the other hand, if the Bi-2223 phase is formed in the presence
of a liquid phase, as it is when Bi-2212 and other components react to form Bi-2223,
then both appropriate phase formation, and phase alignment, can simultaneously occur.99 Lead substitutes for bismuth in Bi-2223, and forms a lower melting temperature phase. When lead rich Bi-2212 comprises a majority of the precursor powder,
rapid reaction rates and superior tape performance are observed.100-102

2.2.3 Thermomechanical Processing
Processing of Bi-2223/Ag follows a typical routine, as depicted schematically
in Figure 2-2. Each of these steps may be carried out in a number of different ways,
some which result in significant variation in the final tape microstructure and physi-
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cal performance. The first step, called “sintering” in Figure 2-2, has already been described above, and involves preparation of a suitable precursor mixture of compounds, with an appropriate particle size.

Figure 2-2 Schematic diagram showing the typical steps in a powder-in-tube (PIT)
processing route employed for producing Bi-2223/Ag superconducting composite
tapes.103

2.2.4 Wire Drawing
Tube packing methods are usually closely related to the processes of the first
drawing step. In typical laboratory situations, and many commercial operations,
tubes are filled with either loose powder, or are filled with already compacted cylindrically shaped rods of powder. Often, if the tubes are filled with loose powder, the
powder is compacted under pressure to improve the Bi-2223 density. Packing with
pre-compacted cylindrical rods improves Bi-2223/Ag interface smoothness.99 Typically, a core density of around 5 gcm-3 is employed.51 After packing, the tubes are
16

sealed, and then drawn using conventional wire drawing techniques. A tube will usually start with an outer diameter of several mm (for example 6.5 mm, 11 mm). Completion of the wire drawing process has normally reduced the outer diameter to
around 1 mm. The wire drawing process requires multiple iterative steps, each with a
cross sectional area reduction of around 5-15%, resulting in 15-30 steps in a normal
progression.104 Wire drawing acts to further densify the Bi-2223 core, increasing the
core density to around 6 gcm-3.51
Bi-2223/Ag wire forming as described above has a number of inherent
flaws.105 The first of these is a large variation in powder packing density along the
length of the tube, which adversely affects the uniformity of the final wire and subsequent tape. Additionally, there exists a finite limitation in the length of tape producible, based upon the dimensions of the initial tube. A process called “continuous
tube forming/filling” (CTFF) allows for forming extremely long lengths of powder
filled wire, with only a single step required in the process from start to a final diameter of 1-1.5 mm.51 Figure 2-3 shows the process in schematic view.51 Tapes produced
using a CTFF technique show much improved uniformity of core dimensions.51
Most importantly they have reduced longitudinal variation of core thickness and reduced undulating irregularities perpendicular to the length of the tape (sausaging, see
§2.2.5).51 Additionally, tapes processed using this techinque exhibit superior J c , and
superior J c performance in magnetic field.51
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Figure 2-3 Schematic diagram showing the arrangement for a CTFF process for production of Bi-2223/Ag tape.51

Multifilamentary Bi-2223/Ag tapes may be produced using either technique
(conventional wire forming, or CTFF). In a conventional process, single core tapes
are first drawn to around 1-3 mm in diameter, and then drawn to a hexagonal
shape.51 Multiple hexagonal wires (usually 37 or 55) are then stacked into a larger
silver tube, which is then drawn to the final dimension of 1-2 mm diameter.51 For a
CTFF process, as the mono core wires complete the first wire forming step, a number of them may be bundled into a silver strip, and wrapped in much the same way as
a single core wire.51

2.2.5 Rolling
Rolling of the BSCCO/Ag composites may seem like a simple step in the
overall process, but it is extremely important to the final quality of the BSCCO/Ag
tape. It is during the rolling steps that BSCCO grains within the core are initially
aligned along the length of the tape. This alignment is crucial for good a-b plane
connectivity in the core, which allows for easy passage of supercurrent. Generally, it
is considered that Bi-2223 grains are aligned more strongly near the silver/core interface, and that the superconducting CuO 2 planes are parallel to the interface, indicating the importance of a smooth interface.52,70,91,106 Additionally, it is thought that supercurrent flows primarily through these highly aligned near-sheath grains, indicating the importance of grain alignment.107 However, there is evidence that rolling actually bends Bi-2223 grains around hard impurity phases, resulting in curved, rather
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than flat grains, and a degree of lessening of alignment.70,91,94,108 Large silver particles, a soft impurity phase, have been shown to be beneficial as they act as a lubricant during drawing, and assist in alignment and densification of BSCCO grains adjacent to the silver particles.109 Rolling typically progresses from a 1-1.5 mm wire, to
a final tape thickness of around 100-300 µm, in steps of around 5-15% reduction of
cross sectional area.51 Small reductions in cross sectional area with each step are
preferable, as otherwise longitudinal variation in core dimensions (“sausaging”, see
below) can result.51 By the end of the rolling process, a tape core has around 90% of
the maximum theoretical Bi-2223 density, and accounts for some 30-35% of the total
tape cross sectional area.110
Mechanical deformation of the Bi-2223/Ag composite is made difficult by the
hard ceramic nature of the BSCCO core, and the soft, ductile properties of the silver
sheath. This difference in mechanical properties results in differing deformation of
the core and sheath during rolling. This problem often manifests in the phenomenon
known as “sausaging”, in which the core-sheath interface undulates in a “wavy”
manner along the length of the tape.111,112 This undulation not only causes regions of
reduced cross sectional area of the core, but also interferes with BSCCO grain
alignment. Both of these issues can be serious detriments to achieving good quality
Bi-2223/Ag tapes. Significant work has been done on sheath material alloying, both
substitutional and precipitate, to harden the tape sheath in attempts to reduce the
magnitude of this problem. Efforts must be carefully implemented, as silver is one of
the few elements that are sufficiently chemically inert with respect to Bi-2223 to
make a suitable sheath material. Results with gold, magnesium, copper, titanium,
zirconium, hafnium, antimony, aluminium, nickel, manganese, palladium, yttrium,
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and various combination alloys with silver, studied for their mechanical, thermal, or
chemical properties, have shown promise.34,113-121
With rolling being such an important step in the processing of Bi-2223/Ag,
even small variations in rolling quality can equate to large variations in physical performance. Various work has been carried out to improve rolling practices and processes to limit detrimental microstructural formation, or to promote advantageous
microstructural formation.4 Uniaxial pressing, rather than rolling, has been shown to
be very effective in forming quality tapes.51,100,122 Pressing has the advantage that it
produces a much more uniform BSCCO-Ag interface, and has considerably less longitudinal variation of core thickness (reduced sausaging).51 However, pressing is really only suitable for short lengths of tape.123 Processes called “sequential pressing”
or “semi-sequential pressing” have been developed, in which a longer length of tape
may be pulled through a uniaxial press and each portion of the tape periodically
pressed in turn.124-126 These processes show promise, in that they increases J c performance by some 30-40% over conventionally rolled tapes.51 However, the processes have limitations due to the existence of overlapping zones and their slow speed of
deformation. A process known as “eccentric rolling” has been developed, in which
tapes are rolled between the outer surface of a cylinder and the inner surface of a
slightly larger hollow cylinder.127 This process is promising, as it provides deformation that is similar to sequential pressing without overlapping portions, and improves core density and texture.
Sandwich rolling, in which the Bi-2223/Ag composite is rolled between two
steel sheets, produces a stress-strain state in the tape very similar to that of uniaxial
pressing.128,129 Undulating irregularities (sausaging) in the dimensions of the Bi-2223
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core occur parallel to the length of the tape, rather than perpendicular as with conventional rolling, and this results in a more consistent cross sectional area for current
transport as well as reduced numbers of transverse cracks.51,130 This, along with a
generally smoother core-sheath interface, provides superior current carrying capacity
(similar to pressed tapes) by virtue of reducing low core cross sectional regions and
transverse cracking.51,131 The homogeneity of density, T c , and J c of multi-filament
tapes deformed by sandwich rolling is also superior to those deformed by normal
rolling.130,131 Four axis rolling (biaxial rolling) is another technique that gives greater
control of the rolling force on the tape.132 Four axis rolling uses two sets of rolls at
90o orientation, and allows for optimisation of the rolling force applied to the tape.100
Biaxial rolling reduces crack formation, as it does not apply tensile force during wire
deformation, allows higher packing densities, and improves the uniformity of spacing of filaments in multi-filamentary tapes.133
Cryogenic deformation has been employed to alleviate the difficulties presented by inhomogeneous deformation of the hard ceramic BSCCO core and the soft silver sheath of a Bi-2223/Ag composite.134-136 Tapes pressed or rolled at 77 K were
found to be more uniform than their room temperature treated counterparts, and
showed a 10-20% boost in J c . The superior microstructure and properties of the tapes
were attributed to enhanced densification, greater texturing, and increased dislocation densities, all due to the greater pressure that was achievable under cryogenic
conditions.51,135 Hot deformation processes have been widely investigated for their
applicability to processing of Bi-2223/Ag.51 Various techniques have been explored,
such as hot isostatic pressing (HIP), uniaxial hot pressing, hot rolling and hot forging.51 Hot deformation techniques are attractive as they allow for high core densities
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(up to 99%) to be achieved, and can greatly assist in alignment of BSCCO platelets
and densification of the core.137-142 J c improvement of up to 200% has been reported
for uniaxial hot pressing, and up to 400% for HIP.138,143,144 A potential detrimental
effect of hot deformation techniques is that they may act as a heat treatment incidentally, and cause undesirable phase reactions, such as conversion of Bi-2223 to Bi3221.51,68

2.2.6 Heat Treatment
Perhaps the most important step of Bi-2223/Ag processing shown in Figure
2-2 is the heat treatment phase (“annealing”). It is during this step (or steps) that the
phase formation of Bi-2223 takes place. It is desirable to form as much Bi-2223 as
possible in the tape core, to reduce potential weak links that are caused by nonsuperconducting phases (or by lower T c superconducting phases such as Bi-2212 or
Bi-2201).51 It is also during heat treatment that many characteristics of the core microstructure are evolved, with important qualities such as density, grain alignment,
and grain connectivity being influenced by heat treatment.51 Heat treatment is a
complex process with a number of important parameters that influence the final outcome. Important parameters include: sintering temperature, sintering time, heating
rates, cooling rates, oxygen partial pressure, and number of heat treatment cycles.51,145,146 These parameters are often not independent, and changing one will result in the need to re-optimise others.51 Further complicating thermal processing is
the fact that many compounds in the Pb-Bi-Sr-Ca-Cu-O system coexist at thermodynamic equilibrium at typical processing temperatures;32 eleven compounds were
identified to be stable by Wong-Ng et al. between 810 oC and 820 oC.147
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A typical heat treatment process will involve heating tapes on a ceramic plate
(such as alumina) in a programmable furnace. Heating and cooling rates are usually
around 3 oC/min, and the sintering temperature is around 840 oC.51 A typical holding
time for the sintering temperature may be approximately 50 hours, and the process
will be carried out in air (oxygen partial pressure 0.21).51 The number of heat treatment cycles will be determined empirically, with test samples being re-treated until
their physical performance drops.
It should be noted that it is quite normal for additional rolling (or pressing,
etc.) to be carried out between each thermal processing step (as depicted in Figure
2-2, which shows two repetitions of thermal cycling), as this allows for greater
alignment of the grains in the core. With repetitious alternating thermal cycling and
rolling, the sequence will usually end on a thermal cycle, as this allows for “healing”
of any cracks or defects that are introduced during mechanical deformation to occur.51 More than two thermal treatments were found to have little effect on Bi-2223
phase fraction.148 A single thermal treatment resulted in around 80% transformation
of precursor to Bi-2223, the second increasing this to 95%, and the third not significantly changing this value.148 However, J c was observed to increase most dramatically between the first and second thermal treatments, and to decrease after the third.148
The decrease can be attributed to either crack formation as a result of excessive mechanical deformation, or to amorphous phase formation at the grain boundaries due
to loss of volatile bismuth and lead during the prolonged sintering treatments.51,149-152
It is interesting to note that the final heat treatment would appear not so much to increase the number of connections between grains, but rather increase the quality of
the connectivity of the grain connections already present.70
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The presence of secondary phases in a final Bi-2223 tape core can have a dramatic detrimental effect on the performance of the tape. Secondary phases that are
not superconducting cause blockages in the supercurrent flow within the core (weak
links). Particularly damaging are phases that either surround Bi-2223 grains or are
elongated and extended in their morphology.53 Amorphous phases, Bi-2212 (in Bi2223), and Bi-2201 are frequently occurring phases of these types.51,75,76,153-155 Bi2201 is thermodynamically stable at the typical Bi-2223 sintering temperature of
around 840 oC, but it decomposes at temperatures as slightly lower as 820 oC.51 Similarly, liquid phase present at the sintering temperature may be converted to amorphous phases during cooling if thermodynamic phase equilibrium is not
achieved.51,75 Secondary phases also cause disruption to a much larger volume than
the space that they occupy by virtue of changing the composition of neighbouring
Bi-2223 grains.91 Various two-step or slow cooling processes, which would appear
to have very similar effects on the final microstructure, have been proposed and successfully implemented to overcome these issues.53,153,156
The cooling rate, in particular the cooling rate from the final sintering step, is
important in determining the final properties of the Bi-2223/Ag composite.154,156-159
Quenching from the final sintering temperature will generally preserve the phases
that are stable at this temperature, such as Bi-2223, Bi-2201, and SrCaCu 2 O x .51
Cooling rapidly (eg 2 oC/min) will allow some transformation to take place, resulting
in the same phases as quenching, plus Bi-2212 and Bi-3221.51,160 Slow cooling (eg
0.005 oC/min) allows Bi-2201 to react fully to form Bi-2212 and Bi-3221, but otherwise does not change the secondary phases or proportions present as compared to
fast cooling.51 The best physical performance (J c , J c performance in high and low
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magnetic fields, H*(T), T c ) is achieved with slow cooling, and the worst with
quenching.51 It has been proposed that the improved physical performance of slow
cooled samples is due to increased grain connectivity and enhanced flux pinning.157,158,161 However, it would appear that improved connectivity is the vastly
more operative improvement process.53
A typical two step process employs conventional thermal treatment until the
last iteration, at which instead of cooling to room temperature as normal, the tape is
held at a lower temperature (eg, between 810 and 825 oC) for a number of hours
(usually commensurate with or slightly lower than the primary holding time, so typically 20-40 hours).51,53,108,148,153,162,163 This lower temperature holding period allows
Bi-2201 (and associated alkaline earth cuprates) and liquid/amorphous phases to react to form either superconducting phases or less detrimental secondary phases.31,51,53,67,130,153,164,165 Two-step processes have been shown to significantly enhance
J c and to considerably reduce weak links, and thus drastically improve J c performance in low magnetic fields.51 Two-step processes are superior to slow cooled processes, as they allow for more precise control of the phase stability regions that a
sample passes through during cooling.166 Thus they can be better optimised for generation of particular phase reactions, and avoidance of others. In particular, a twostep process may be optimised to take advantage of kinetically metastable conditions
and thermodynamic equilibrium to allow for conversion of liquid to Bi-2223 while
also reducing Bi-2212, Bi-2202, and Bi-3221 content.
Methods to improve the standard thermal cycling described above have been
widely studied, and a number of techniques developed. Phase formationdecomposition-recover (PFDR) is a process that is similar to a melt process, such as
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those readily applied to YBa 2 Cu 3 O 7 (YBCO, or Y-123) or Bi-2212.51,167-171 A standard melt process, involving high temperature sintering to melt the superconductor,
followed by a solidification process (such as slow cooling), is troublesome for Bi2223 as non-superconducting phases form more readily, and large phase segregation
easily occurs.51,168,172,173 The PFDR process involves a short high temperature partial
melting step, during which little gross segregation of phases can occur, but which
may be optimised to still achieve many of the benefits of a melt process.174-176 PFDR
processed tapes show improvement in J c and J c dependence on magnetic field, and
enhanced flux pinning, due to increased Bi-2223 phase portion, improved core density, superior grain alignment, and greater grain connectivity.51
A two-step quench technique was developed by Dou et al. to eliminate the reheating and cooling portions of the thermal cycling usually employed.162 It was
found that after the holding time during the first sintering step, prior to cooling, the
Bi-2223 phase was already predominantly formed, and no Bi-2212 was present.154
This would indicate that Bi-2212 is formed during the cooling from the first sinter,
and during the heating to the second sinter. To avoid unnecessary phase conversion
and decomposition (and associated concerns such as de-densification), a quench after
the first sinter, and a rapid heating to the second sintering temperature were employed.162 Samples treated as such had high Bi-2223 fraction (over 90%) and only
required short sintering times (30 hours).162
The problem of crack formation during intermediate mechanical deformation is
addressed in a process called controlled decomposition and reformation (CDR).177
Cracks introduced during rolling or pressing become weak links, and block supercurrent flow when they are not fully healed during subsequent heat treatment steps.51,178
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During later heat treatment steps, there may be little or no liquid phase formed (as
the majority of reactants have reacted to form solid Bi-2223), and cracks may not be
completely healed as solid-state reaction kinetics are very slow.51 In the CDR process, a tape is processed with priority placed on Bi-2223 phase formation and alignment, but not on minimising crack formation.51 The tapes are then heat treated in
pure oxygen in order to decompose some of the Bi-2223 into its precursor compounds.51 When the tape is once again heat treated under low oxygen partial pressure
(0.075), the compounds react to form liquid phases, and subsequently Bi-2223, and
fill microcracks that are present in the core.51 This process is similar to the PFDR
process, and is able to reduce weak links, improve grain connectivity, and increase
core density.51
Oxygen partial pressure, as mentioned in relation to the CDR process, can have
a significant influence on the melting temperature, optimum sintering temperature,
Bi-2223 phase formation, and J c of tapes.51,179-183 Decreasing the oxygen partial
pressure decreases the melting temperature of the (Bi,Pb)-Sr-Ca-Cu-O system, and
also widens the temperature range in which Bi-2223 phase forms.179 An optimum
rate of Bi-2223 formation is achieved with an oxygen partial pressure of 0.08.180,181
For silver sheathed Bi-2223 tapes, the optimum oxygen partial pressure is similar
(0.075 to 0.10), although the temperature range is at lower temperatures (similar to
processing Bi-2223/Ag in air).75,184-186
An interesting dilemma is presented when one considers that during the various heat treatment steps, the density of the Bi-2223 core decreases.70,187-189 It is proposed that this occurs during the formation of the Bi-2223 phase, and is exacerbated
by growth of misaligned (poorly textured) grains, but the exact reasons are unclear,
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as is the precise magnitude of the effect.70,190 Volatilisation of lead containing phases
has been proposed as one method for the formation of voids, which could lead to the
observed reduced density.36 However, this effect is generally considered to be undesirable, as it introduces pores, and engenders poor connectivity; although it has been
proposed as a process to allow for infiltration of liquid phases between Bi-2212
platelets to promote transformation into Bi-222336. Intermediate mechanical deformation steps as described above help to counter this retrograde densification, but
they too introduce weak links of their own such as cracks.70,131 It has been estimated
that even in high quality Bi-2223/Ag tapes, only 3%-5% of the cross sectional area is
actually connected sufficiently for supercurrent to flow.166,191,192 It seems apparent
that improved connectivity is necessary for increased Bi-2223/Ag tape performance,
but at the same time, it is apparent that alternating mechanical deformation and heat
treatment will probably not be able to enhance connectivity beyond particular inherent limits.70 Further adding to the difficulty presented by this situation, if in fact the
formation of small pores during the Bi-2212 to Bi-2223 transformation does assist in
speeding up the reaction, then elimination of such pores may slow the processing
down or require alternative routes to be employed. However, a continuous cooling
sintering (CCS) process has been proposed, which involves a short high temperature
melt (similar to PFDR), a slow cool, and low oxygen partial pressure (similar to
CDR).193,194 This process produces high core density, as well as healing of cracks,
though the improvement is not yet quantified.194

2.3 PHYSICAL CHARACTERISTICS OF BSCCO & BSCCO/AG
BSCCO is a high-T c Type-II superconductor. Its three superconducting phases
(Bi-2201, Bi-2212, Bi-2223) have different physical characteristics, as shown in Table 2-2. Typical of the High-T c superconductors, Bi-2223 has a high T c , a large pen28

etration depth, a short ξ, a high upper critical magnetic field, and large anisotropy in
these physical values between crystallographic directions.1
Table 2-2 Fundamental physical characteristics of the various BSCCO phases. H c2 ab
and H c2 c values may be calculated from ξ ab and ξ c values, respectively, via Equation
1.1, page 31.7,41,57,195-210

BSCCO
Phase
2201
2212
2223

T c (K)

ξ ab (Å)

ξ c (Å)

λ ab (nm)

7-35
85-91
110

20-42
6.3-29

0.4-1
~2

20-27
200-250

λc
(nm)

1000

H c2 ab (T)

H c2 c (T)

~20-80
250
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The penetration depth (λ) is a measure of the thickness of the region at the surface of a superconductor in which supercurrents flow when the superconductor is
placed in a static magnetic field. Penetration of the magnetic flux into the superconductor establishes these surface currents, the magnitude of which relates directly to
the strength of the magnetic field. The presence of the surface supercurrents gives
rise to a magnetic field that exactly equals the externally applied magnetic field, but
is opposite in direction. This gives a shielding effect for the internal bulk of the superconductor, in which exactly zero magnetic field is experienced. This expulsion of
magnetic flux is known as the “Meissner Effect” (or “Meissner-Ochsenfeld Effect”),
and is an indicative state of a superconducting material.211 The penetration depth is a
characteristic quantity of a superconducting material.

Historically, ξ (the coherence length) was a measure of the minimum distance
over which a density of “super electrons” (n s ) can undergo an appreciable change in
value.2 This definition arose from the hybrid quantum mechanical-phenomenological
theory of superconductivity developed by Ginzburg and Landau (GL) in the
1950s.212,213 The GL theory, which still accurately enough models superconductivity
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to be accepted today, predicts an inverse relationship between T c and ξ.214 This relative prediction is especially true in the case of High-T c superconductors, which typically have coherence lengths of a few nm. This is in stark contrast to Low-T c superconductors, which typically have coherence lengths of hundreds of nm, but commensurately lower T c . With the formulation of the Barbeen-Cooper-Schrieffer (BCS)
theory of superconductivity in 1957, ξ became related to the maximum possible distance between two electrons in a Cooper Pair.215 However, with the exact mechanism
responsible for superconductivity in High-T c materials still unknown, this relationship cannot be similarly drawn for BSCCO. Even so, the BCS theory also predicts an
inverse relationship between ξ and T c , which is exacerbated by the low Fermi velocity in low carrier density ionic non-metallic High-T c materials.215

The net effect of such a low ξ is that even small defects can cause significant
changes in the density of “super electrons” in High-T c materials. With a ξ of around
13 nm for Bi-2223, defects as small as this value may be sufficient to disrupt the
flow of supercurrent. While Low-T c superconductors can tolerate largely imperfect
crystallographic structure, and even significant microstructural defects, High-T c superconductors may be disrupted by even such small defects as the strain fields associated with dislocations. The positive side of this situation, however, is that defects
of around ξ or smaller in size are effectively ignored by the passing supercurrent, as
their size is small enough for there to be little change in the density of “super electrons”. This situation allows penetrating magnetic flux (vortices) in the mixed state
(between H c1 and H c2 ), which is effectively pinned by non-superconducting defects,
to be pinned by defects of around the size of ξ. This pinning allows much greater
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superconductor performance in high magnetic fields, and under high current density
loads.

2.3.1 Irreversibility Line
One consequence of a short ξ is a high H c2 (upper critical field). H c2 is related
to ξ in Type-II superconductors by the following equation:

Hc2 =

Φ (0)
2πξ 2

1.1

Where Φ (0) is the fluxoid quantum (2 × 10-15 Weber). The very low ξ of Bi2223 gives rise to a very large H c2. Such a large H c2 is an attractive feature, as it allows supercurrent to be carried even under the influence of a large external magnetic
field. This characteristic makes Bi-2223 (and High-T c materials in general) attractive
for a number of applications for which traditional, soft, type I Low-T c superconductors were unsuitable. Potential applications include superconducting magnets, magnetic accelerators, SMES (superconducting magnetic energy storage).
One of the new concepts of superconductivity that was born with investigation
into High-T c superconductors is the magnetic irreversibility line (H*(T)).216,217
H*(T) describes a line on the H-T superconductor phase diagram that lies within the
Type-II region. Below the Type-II region, the superconductor is a type I conductor,
and the material is in the “Meissner State”. Above the Type-II region, the material is
no longer superconducting, and is in the normal state. Within the Type-II region, the
superconductor is either “reversible” or “irreversible”. Below H*(T), hysteretic
magnetisation behaviour is exhibited by the material, as flux vortices may be pinned
in non-equilibrium sites by local defects as a result of flux pinning (§2.4).218,219
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Above H*(T), reversible magnetisation is observed, and the magnetic moment or
magnetisation does not depend on the magnetic field or temperature history of the
material.218 Figure 2-4 shows a schematic H-T phase diagram that demonstrates this
arrangement. There is some evidence that the irreversibility line, at least in columnar
defects samples (§2.6.5), shows a “re-entrant” behaviour at low temperatures and
moderate fields.220 This behaviour is depicted by the dashed line portion of the irreversibility line in Figure 2-4.220 The cause of this “re-entrant” behaviour is attributed
to interplay between defects (point and columnar, §2.5) in the material, the number
of vortices (due to applied magnetic field), and the coupling of the vortices (§2.3.2)
as a result of defect distribution and vortex interactions (§2.4.6).220

Magnetic Induction (T)

Reversible

Normal
State

Hc2(T)

H*(T)
Irreversible
Hc1(T)
Meissner State
Temperature (K)

Tc

Figure 2-4 Magnetic induction B(T) versus temperature T(K) state diagram for high
temperature superconductors.74 Dashed line shows irreversibility line “re-entrant” behaviour.220

BSCCO materials have relatively low H*(T) lines.221,222 That is, the transition
from irreversible to reversible behaviour occurs at reasonably low temperatures and
fairly low magnetic fields (at 77 K, the boiling point of liquid nitrogen, H*(T) for Bi-
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2223 is approximately 0.3 T).223 This presents a problem for the use of BSCCO materials, as their H*(T) will be easily reached under expected operating conditions,
and their behaviour will transition from pinned irreversible flux movement to unpinned freely flowing reversible flux movement, with associated energy dissipation.216 There is some contention as to whether H*(T) represents the onset of unpinned flux creep, or a glass-melt transition.217,224,225 Both models, however, predict
the same form and equation of H*(T).22
One of the factors contributing to a low H*(T) in BSCCO and other High-T c
materials is an anisotropic structure. As discussed above (§2.1.2), BSCCO has a
crystal structure with very large c-axis parameters, and relatively small a-axis and baxis parameters. This results in dramatic anisotropy in many physical characteristics,
most importantly, in relation to superconductivity, λ, ξ, H c , and dependent properties
such as J c and pinning strength. Table 2-2 shows the dramatic difference in important superconducting properties of BSCCO in different crystallographic directions, with around an order of magnitude difference apparent.

2.3.2 Two Dimensionality
The structure of Bi-2223 can be described as 2D (2 dimensional) in its anisotropy, with an anisotropy ratio =
Γ

λc
≈ 50 .226 This 2D structure, composed essenλab

tially of alternating layers of superconducting and non-superconducting planes (CuO and Bi-O planes, respectively), leads to a number of unusual vortex (penetrating
magnetic flux) behaviours. Perhaps the most significant of these is dissociation of
flux lines into individual vortices, known as “pancakes”.48,218,227-229 The large anisotropy ratio leads to a commensurate reduction in the line tension (which is propor-
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tional to Γ-2) of a flux line.230 Due to the large distances between superconducting
Cu-O planes, supercurrent electrons associated with shielding penetrating magnetic
flux in the Type-II regime may not be directly coherently coupled.216 Instead, individual pancake vortices on each Cu-O plane may be coupled through weaker Josephson pair tunneling (Josephson currents).216,231,232 This weaker coupling of individual
pancake vortices establishes conditions where it is often less energetically demanding to excite a section or portion of a complete vortex (a number of discrete pancakes), rather than an entire vortex line.216,218 In contrast to isotropic superconductors, which contain rigid Abrikosov lattices of penetrating magnetic flux (vortices),
anisotropic superconductors often contain weakly couple stacks of pancake vortices.216 Given sufficient external magnetic field (quite small in extremely anisotropic
systems such as BSCCO), the 2D pancake decouple and the entire system behaves as
a set of 2D superconducting planes.216,233-237 With little or no interlayer coupling, and
small excitation energies for individual pancake vortices, the formation of “kinks” in
originally linear vortices has a small activation energy barrier, and results in significant dissipative magnetic responses in these superconductors.216,218
The overall effect of vortex dissociation and a small ξ (approximately the same
size as a unit cell) are that High-T c superconductors tend to exhibit a low pinning
strength.216 With these two parameters being somewhat inherent to the materials in
question, it is usually considered that this weak pinning is an intrinsic characteristic
of such materials.216 The poor pinning of fluxions in High-T c is exacerbated by the
higher temperatures at which they are usually employed. At such high temperatures,
thermal influences become significantly greater.225 Additional flux movement concerns become apparent when thermally activated flux creep, flux flow, and flux jump
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are considered, as these occur much more readily in the weakly pinned High-T c materials, and even more so at the higher temperatures at which they can operate.216
Flux pinning in BSCCO will be further discussed in §2.4.

2.4 FLUX PINNING IN BSCCO
2.4.1 Intrinsic Pinning
BSCCO has a layered structure, essentially composed of alternating layers of
CuO 2 and Bi-O planes, as discussed in §2.1.2. The superconducting order parameter
(superconducting electron-pair density) or energy gap is highest on the Cu-O planes,
and drops dramatically elsewhere (the interlayer spacing of CuO 2 planes is slightly
less than twice ξ c ).51,216,218,238 Application of a magnetic field parallel to this layered
structure results in penetration of vortex cores along the non-CuO 2 layers, as it is
there that suppression of the order parameter is smallest.51,238 For a vortex to move
perpendicular to the layered structure would require it to cross a CuO 2 plane, requiring a large energy increase.51,238 Thus, the modulation of the order parameter along
the c-axis provides a significant potential barrier to vortex motion in a direction perpendicular to the c-axis.51,238 This effect is exacerbated by the confinement of supercurrent primarily to CuO 2 planes, and the fact that the motion of a vortex is not driven by the average transport current over its entire width, but by the transport current
at its centre.51,238 These last two effects combine to generate a much weaker driving
force for movement of the vortex than might otherwise be expected.51,238 The pinning of magnetic flux vortices in the weakly-superconducting layers by the effects
described above is known as “intrinsic pinning”.51,238
This effect is evidenced in the rapid dropoff of J c when fields are applied parallel to the c-axis, 239 and the almost field independent J c observed when the field is
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applied perpendicular to the c-axis.192,240 At low applied fields (0.5 T) this effect results in a two-fold difference in the critical current of Bi-2223/Ag tapes with applied
fields parallel to the c-axis as compared to applied fields perpendicular to the caxis.241 At higher applied fields (2 T), critical current is almost zero until orientations
are nearly more perpendicular than parallel (around 40o).241

2.4.2 Extrinsic Pinning
Magnetic flux that penetrates the BSCCO in a direction not parallel to the layers will result in vortices that cross the CuO 2 layers with kinks and steps.51,238 The
vortex will dissociate into portions that are perpendicular and parallel to the layered
structure.51,238 Parallel segments will be pinned intrinsically as described above,
while perpendicular segments will form so called “pancake vortices” (§2.3.2).51,238
The pancake vortices are only effectively pinned by extrinsic defects of the appropriate size, as discussed in §2.1 and §2.3. Thus, if the pinning force as a result of extrinsic defects is less than the intrinsic pinning force, the critical current density of the
superconductor in the non-parallel magnetic field will be determined by the depinning current density of the pancake vortices.51,238
When BSCCO (or any other Type-II superconductor) is in the mixed state (ie
H > H c1 ) magnetic flux is quantised into vortices, as described above.216 The passage
of a supercurrent flow through the material (j) is associated with a gradient in the
number density of the vortices or the flux density in the material (∇ × b).216 The
transport current density generates a Lorentz force (j × b) acting on vortices.216 An
electric field (E = b × v) parallel to the direction of current flow (j) is established
inside the superconductor by vortices moving at velocity (v), which results in power
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dissipation (j • E).242 The only way to avoid this power dissipation is to have a zero
electric field, which requires immobile vortices.242
Flux pinning occurs when vortices interact with structural features of the material, and the pinning force density (F p (B,T)) is the force provided by these structural
defects in response to the Lorentz force (F L ) that is attempting to move the vortices.216 The critical current density is the transport current density that induces a Lorentz force that is exactly held in check by the pinning force.219,243 If the transport
current is increased, then dissipative fluxon motion begins.243,244
Pinning force can be supplied by normal regions, regions with different T c or
κ, surfaces or interfaces, and due to differences in elastic properties between the
normal and superconducting states by crystallographic defects.216 The important
characteristics of a pinning site are its superconducting order parameter, and its size.
Pinning sites with a large difference in superconducting order parameter are more
effective pinning sites, with completely normal regions (zero superconducting order
parameter) being the strongest pinning sites of all.219 With the force required to move
a flux line from a pinning site related to the largest gradient of the pinning potential,
smaller defects, with sharp boundaries, are most effective.219,245,246 Pinning sites that
are smaller than ξ, however, have their pinning effect averaged over a larger area,
and are thus less effective.219 The most effective pinning site, therefore, is of a size
approximately the same as the coherence length of the superconductor.219 The other
consideration of pinning sites is their distribution, the importance of which is highlighted in §2.4.6 regarding collective pinning.
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2.4.3 Core Pinning
“Core pinning” occurs when a vortex is positioned so that its core is overlapping with a region of the material that has a depressed order parameter.216 This arrangement is thermodynamically favourable as a vortex core is a region of depressed
order parameter, and by locating the vortex core on an already depressed region a
portion of the condensation energy losses associated with the vortex can be regained.216 Regions of the material with reduced T c with respect to the bulk, with different κ, or that are non-superconducting (eg secondary phases) can all provide core
pinning.216

2.4.4 Volume and Dielastic Pinning
Transformation from the normal to superconducting state is associated with a
small volume increase (around ∆V/V~10-7), and changes in the elastic constant (approximately 10-5).216 Thus, when a vortex exists within a superconducting bulk, the
crystal lattice that it occupies is contracted.216 If a crystallographic defect such as a
dislocation is causing a stress field in the crystal structure of the material, then positioning a vortex core nearby can be energetically favourable as it may reduce the
stress field.216 This regain of a portion of free energy results in a pinning effect of the
vortex core nearby the crystallographic defect. Countering this effect is a repulsive
effect between vortex cores and defects arising as a result of the elastic constant
changes. Dielastic considerations predict a second order interaction in which it costs
elastic energy to position vortex cores on defects such as dislocation lines.216 However, the former of the two interactions generally has the greater magnitude of effect,
and it is energetically favourable to locate vortex cores at crystallographic defects.

38

2.4.5 Surface Pinning
Surfaces of superconductors provide pinning sites for flux vortices as there is a
potential barrier for flux to enter the material.216 A vortex within the superconductor
but near to the surface of the material experiences repulsion from the interface due to
surface currents, but attraction to the exterior due to the presence of its anti-vortex.216
The two competing forces combine to present an initial barrier to entry into the superconductor by flux vortices.216 Figure 2-5 shows this effect as a summation of the
two terms considered.216 The same effective surface barrier to flux movement serves
as a barrier to flux leaving a material with decreasing applied field, and contributes
to characteristic observed hysteresis.216 Surface pinning is only effective if the surface of the superconductor is smooth over regions comparable to, or greater than,
λ L .216 However, surface pinning is largely independent of conventional vortexvortex interactions, and thus does not depend on the rigidity of the flux line lattice.216
This allows surface (and interface) pinning to be effective even above H*(T). Additionally, the presence of screw dislocations at the surface of a superconductor provides flux pinning sites.247
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Figure 2-5 Spatial variation of Gibb’s free energy of flux penetration into an equilibrium Type-II superconductor showing the surface barrier to entry.216

2.4.6 Collective Pinning
Vortices mutually repel each other, which, in a perfectly uniform superconductor, results in a periodic distribution of vortices in a lattice-like structure (the socalled Abrikosov lattice).216 However, a lattice of vortices is not truly rigid, and has a
characteristic elastic modulus as well as a characteristic shear modulus.248,249 This
flexibility of the vortex lattice allows the lattice, as a whole, to be pinned by randomly distributed defects that do not necessarily have a distribution commensurate with
the vortex lattice, for example, oxygen vacancies or columnar defects.216,250,251 Similarly, vortex supersaturated ( B ? BΦ ) columnarly defected Bi-2212 exhibits strong
pinning at even ten times the matching field due to vortex-vortex interactions and
collective pinning.230 Additionally, the presence of a larger number of weaker pinning sites can, overall in a macroscopic sense, be more effective at pinning magnetic
flux as a result of collective pinning. This is the case in fast neutron irradiated Tl-
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2223 single crystals, in which the neutron induced point defects are weaker pinning
sites than intrinsic defects, but due to their much greater abundance, and collective
pinning action, the total macroscopic pinning, and thus J c , can be significantly enhanced.252 Proton irradiated Y-123 exhibits a similar phenomena.253
Considerations need to be made, however, for both mutual repulsive vortexvortex behaviour, and the elastic constraints of the Abrikosov lattice.251,254 As a result, vortices are generally “collectively pinned” as a bundle, rather than individually.216 For more strongly Type-II superconductors (ie, high κ) in the intermediate
state, shear deformation of the vortex lattice is energetically efficient.216 The corollary of this effect is that even in defected structures with large amounts of defects
present, due to in plane pancake vortex repulsion, out of plane pancake vortex magnetic attraction, and elastic energy considerations, not all defects will be occupied by
pancake vortices.220,246,255 In some cases, such as magnetic field applied parallel to
the a-b plane, excess defects can reduce the macroscopic pinning force due to defect
competition and easier thermal activation of flux lines.256 In a similar manner, defects with random arrangements are less effective than defects that introduce some
level of correlated disorder,251 with the correlation optimally being commensurate
with the spacings of vortices.219,220 Similarly again, when vortex numbers are too
low for vortex-vortex interactions, J c can be lowered when more defects than vortices exist, as vortex wandering or hopping is easier.254
There is some evidence that the hypothesis that materials considered to have
pinning as a result of the collective pinning action of many “weak” pinning sites may
in fact be erroneous.256,257 Irradiation and annealing experiments with YBCO single
crystals showed that under all circumstances (irradiated and unannealed, irradiated
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and annealed, unirradiated and unannealed, unirradiated and annealed) pinning
summation considerations pointed towards “strong” pinning by few sites.256 This result was rationalised by considering that small, “weak”, pinning sites in YBCO were
typically oxygen vacancies or interstitials, which were very mobile and tended to
cluster together (often around other defect induced strain fields) to form large,
“strong”, pinning centres.256

2.4.7 Free Flux Flow
Once the critical “depinning” force is achieved (for example by increasing
transport current or external magnetic field) vortices are able to move freely
throughout the material, resulting in dissipative energy loss (free flux flow).258 However, even though free flux flow might be possible, its velocity will be limited to a
terminal velocity by the viscosity of the superfluid medium.216 The Lorentz force
will be balanced by the viscous drag force, because even though flux motion is dissipative, superconductivity has not been lost, as the moving of fluxons does not require pair breaking.216 Additionally, in high T c superconductors, it can be difficult to
separate influences resulting from true free flux flow and thermally activated flux
diffusion due to flux creep (§2.4.8).216,259

2.4.8 Flux Creep
Even when a Type-II superconductor is in a state in which the driving force
acting on fluxons (or bundles) is below the critical threshold necessary to cause free
flux flow, flux can still become mobile as a result of flux creep.216 In flux creep,
thermally activated hopping of flux results in flux movement.216,258 With the T c of
Bi-2223 being so high, its inherent high anisotropy, and its activation energy for flux
creep being only 10-100 meV, flux creep can occur more readily in Bi-2223, and is a
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phenomenon that must be taken into consideration.218,219,221,260 The effect is so severe
that it is often referred to as “giant flux creep”.9,218,242,261 Although not expected to be
comparable to thermal flux creep at temperatures close to T c , the phenomena of
quantum creep also results in flux creep.216,258,262 Quantum creep occurs by tunnelling of fluxions from one potential well to another, in a manner analogous to the tunnelling of supercurrent electron pairs in Josephson junctions.218,263-265

2.5 INTRODUCTION OF PINNING CENTRES IN BSCCO
The introduction of pinning centres into BSCCO materials has been widely
studied, and a variety of methods have been developed to control the microstructure
to engender pinning by introducing appropriately sized defects. One of the most effective methods to introduce defects of an ideal size for flux pinning is radiationinduced damage to the crystal structure of the superconductor. This range of techniques will be further discussed in §2.6. Other methods of introducing defects will be
discussed in this section (§2.5.1 to §2.5.4).

2.5.1 Zero Dimensional Defect Pinning
The most common dimensionless defect structure employed to improve pinning is oxygen vacancies. Control of oxygen stoichiometry by oxygen partial pressure during sintering not only influences the charge carrier (hole) density, but also
the number and distribution of oxygen vacancies.51 In BSCCO, which has a very
short coherence length, oxygen vacancies can be effective pinning centres.9,216 Critical currents in BSCCO limited by oxygen vacancies alone have been estimated to
reach 5 x 106 Acm-2.216
Substitutional doping of Bi-2212 with iron, nickel, cobalt, or zinc replacing the
copper show increases in pinning force density and changes in H*(T) at low doping
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levels (less than 1%).266 Lead doping of Bi-2212 by substituting lead for bismuth
(for stoichiometries of 0.3 and 0.4 of lead) improves not only ease of processing, but
also flux pinning, by an order of magnitude at 50 K.267 Lithium additions were
thought to increase intragranular flux pinning and thus J c in Bi-2212,268-271 but
Moehlkecke et al. consider this effect to be primarily an optimisation of the hole
concentration and improved intergranular linkage.272

2.5.2 One Dimensional Defect Pinning
Bi-2212 single crystals grown with a KCl flux273 have a spiral growth morphology and the resultant spiral steps have a height of 3-5 unit cells.51 These edge
dislocations act as effective pinning centres,9 much as they do in Y-123274-278. Mechanical deformation introduces additional defects (eg dislocations and stacking
faults) that can also act as pinning sites.1,9,51 TEM studies of Bi-2212 single crystals
confirm that single dislocations pin vortices.279 A comparative study between Bi2212 single crystals and Bi-2212/Ag tapes, in which the latter had undergone typical
mechanical deformation processing (§2.2.5), found that the Bi-2212 material in the
tape had stronger pinning, as evidenced by both H*(T) and pinning potential measurements.280
Similarly, a comparative study between Bi-2212 single crystals, Bi-2212/Ag
tapes, and Bi-2223/Ag tapes under matching conditions of sample mass, dimension,
oxygen content, AC amplitude, and AC frequency, determined by H*(T) measurement and normalisation that the pinning strength in Bi-2223/Ag tapes was superior
to that in Bi-2212/Ag tapes, which in turn was superior to that in Bi-2212 single
crystals.9 The same study found that the effective activation energy for flux creep
followed an identical order of precedence when tested by a magnetoresistance tech-
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nique.9 It was suggested that the dislocation density of the samples was lowest for
the Bi-2212 single crystal, intermediate for the melt-processed Bi-2212/Ag tape (due
to partial healing during the hot melt process), and highest for the Bi-2223/Ag tape,
correlating this property with the observed pinning capabilities of the different samples.9 This concept is supported by work that typically shows the dislocation density
to be an order of magnitude higher in Bi-2223/Ag tapes than in Bi-2212/Ag tapes.281284

Bi-2212/Ag tapes exhibited greater numbers of basal plane dislocations following hot deformation, increased J c , but weakened field dependence of J c .285 The
superior J c at lower temperatures and fields was attributed to the increased dislocation density.285 However, it was proposed that the main method of improvement of J c
in these hot deformed samples was reduction of weak links.9,135,286 Identical samples
of Bi-2223/Ag tape that were not pressed, pressed at room temperature, and pressed
at 800 oC, showed that hot pressed samples had higher J c at low fields due to improved grain connectivity, while cold pressed samples had improved J c at high fields
due to increased flux pinning.9 Normalised pinning force densities for these same
three tapes showed that hot pressed tapes had a lower peak field than “as rolled”
tapes, and cold pressed tapes had a higher peak field than “as rolled” tapes, consistent with increased pinning sites.9 H*(T) behaviour and hysteresis loops for the
three samples were of similar relationship to pinning force density results.9 Cryogenically deformed Bi-2223 tapes exhibit much stronger flux pinning than room temperature deformed Bi-2223 tapes, which in turn exhibit superior flux pinning to high
temperature deformed Bi-2223 tapes.9,135 This trend in pinning strength is ascribed to
the difference in the density of dislocations in each sample.216,286
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2.5.3 Two Dimensional Defect Pinning
A number of types of 2D crystallographic defects can influence flux pinning.
Stacking faults and Bi-2212 intergrowths are probably sufficiently large compared to
the ξc of Bi-2223 that they act more as weak links than pinning centres.9,216 However, annealing experiments have shown that decreasing dislocation and stacking fault
densities in YBCO decreases J c and H*(T).287 Microcracks, depending on their size,
may act as weak links as well as nucleation sites for vortex emission.216 However,
imperfectly healed microcracks (such as might be found after a post pressing sinter)
are similar to low-angle tilt boundaries and may be effective pinning sites.288,289 In
YBCO, twinned structures exhibited higher H*(T) fields, and increased J c at low
currents.290 Twin boundaries can be effective pinning sites in Bi-2223/Ag tapes, as
shown by direct magnet-optical imaging.9,291,292 However, twin boundaries have a
definite depinning angle of the applied magnetic field, and can act as easy channels
for vortex motion.290,293
Strongly coupled Bi-2223 grain boundaries are effective pinning centres, and
control of Bi-2223 phase content and morphology to increase such grain boundaries
can increase not only strong links but also improve pinning.9,153,294-296 Magnetooptical and high-resolution electron microscopy showed that in polycrystalline Bi2212 samples, low angle grain boundaries (θ < 20o) that contained amorphous regions were effective pinning sites when an external magnetic field was applied in the
a-b plane direction.297 In fact, in Y-123 and Bi-2212, these low-angle tilt boundaries
were stronger pinning sites than the various intragrain pinning centres.298,299 On the
other hand, weakly coupled grain boundaries are much larger in size than ξ, and act
as weak links, rather than effective pinning sites.216
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2.5.4 Three Dimensional Defect Pinning
The most common 3D pinning centres are precipitates or inclusions. As mentioned in the Introduction (§1), pinning by non-superconducting regions within the
Bi-2223 matrix is a widely studied method for engendering of flux pinning.9 Due to
the large size of most precipitates compared to the ξ of Bi-2223, it is generally considered that preferential pinning sites are the surface of precipitates, or lattice distortions and dislocations lines created in the Bi-2223 material as a result of the presence
of the precipitates.51,300,301
B 2 O 3 , TiO 2 , MnO, SiC, Ca 2 CuO 3 , SiO 2 , ZrO 2 , Al 2 O 3 , MgO, SrZrO 3 , SnO 2 ,
CuO, and BaCO 3 have all been added to Bi-2223 to enhance flux pinning.1,15-19,302-311
Providing that the particle size is carefully controlled, and the dopant level kept below a critical threshold, additions of these sort can provide a boost to flux pinning in
Bi-2223.9,20,51 As mentioned in §2.2, various compounds formed from the elements
Pb-Bi-Sr-Ca-Cu-O can act as effective pinning centres if their morphology can be
controlled during processing.216,312 A controlled melt or slow cooling process
(§2.2.6) may be used to form finely distributed Bi-2212 and other phases in Bi2223/Ag that may act as pinning centres.9,92,109,157,313 An example of such controlled
precipitation tapes are PFDR tapes (§2.2.6), which exhibit superior performance
above 10 K, and that may attribute this enhancement to finely dispersed precipitates.143,174,175,314-317 Bi 1.6 V 0.4 Sr 2 Ca 2 Cu 3 O 10+δ contains low activation energy pinning
centres that are effective at pinning flux at low temperatures, and are hypothesised to
be a result of inclusions due to the vanadium addition.51
A co-precipitation technique has been employed to finely disperse Ca 2 CuO 3
throughout a Bi-2223 matrix, and increased J c by 100%.308,311 MgO has little effect
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on the superconducting performance of Bi-2223 even in quite large additions (1.25
times the calcium content).308 However, additions of ultrafine (10 nm) MgO particles
to Bi-2223/Ag significantly enhanced J c performance at all magnetic fields (up to
0.10 T), demonstrating much improved flux pinning.18 Small (0.15 wt%) nanometer
sized SiC additions to Bi-2223/Ag increased zero field J c by 20%, and improved the
J c dependence on magnetic field.19 Controlled annealing of strontium rich Bi-2212
allows for the precipitation of Bi 2+x Sr 2-x CuO 6+δ , Sr 14 Cu 24 O 41-x , Bi 2 Sr 3 O 6 , and
(Bi,Pb) 4 (Sr,Ca) 5 CuO 10+δ phases, which can provide a 2-5 fold increase in J c (depending

on

magnetic

field).318

Likewise,

lead

rich

Bi-2212

in

which

(Pb,Bi) 4 (Sr,Ca) 5 CuO 10+δ was precipitated showed a doubling of J c .319 Finely dispersed sub-micron SrZrO 3 inclusions provided dramatic flux pinning (double J c at
self field, and an order of magnitude increase in J c at higher field) in Bi-2212.302
Flux pinning in Bi-2212 was studied by Goretta et al. who engineered flux pinning
centres through carbon-included local decomposition, nano-sized Al 2 O 3 , and other
secondary phases.320 Titanium doping of Bi-2212 was found to increase J c by
100%.250 Alkali oxides improved T c and may improve J c through increased flux pinning.321 CuO doped Bi-2212 single crystals showed a dramatic (three fold) increase
in H*(T) at 30 K, and superior J c performance under magnetic fields.306
An innovative variation of particle doping with MgO was reported by Yang et
al., who doped Bi-2212 with columnar (5-50 nm diameter nano-rod) shaped MgO,
and achieved results comparable with low dose heavy ion irradiated material
(§2.6.3).322 The introduction of nano-rod MgO into Bi-2212 was found to dramatically improve J c and H*(T).322 Doping of Bi-2212 with carbon nanotubes (diameter
2-10 nm) has also been carried out.323,324 Potential advantages of nanotube doping
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over irradiation techniques (§2.6) are a lower cost, greater scalability (especially
with thick samples), and lower residual radioactivity.324-326 Introduction of the carbon nanomaterial significantly reduced the T c (from 94.7 K to 87 K) of the Bi-2212
material.326 As discussed in §2.2.2, carbon contamination of BSCCO materials can
be devastating to the performance of the material as they can disrupt the phase equilibrium and cause significant porosity.326 However, even with such processing difficulties, which may be able to be better refined, the carbon nanotube embedded bulk
Bi-2212 exhibited a much higher field of first flux entry, for example 11 mT compared to 3 mT at 38 K, than unembedded bulk Bi-2212, giving indication of superior
pinning.326 In an analogous way, columnar type defects could potentially be introduced into Bi-2212 by engendering (101)-collapsed “2212” regions, which effectively rupture the [CuO 2 ] ∞ layers.327

2.6 IRRADIATION OF HTS
Of the various techniques employed to introduce defects into high T c superconducting material with the goal of pinning flux, radiation techniques are among
the most promising.26,216,328,329 Radiation defect generating procedures allow close
control of the defect size, shape, morphology, and density, allowing them to tailor
damage to most effectively pin magnetic flux.26,330 It is fortunate that the approximate size of damage introduced by radiation techniques is on the same order of magnitude as the coherence length in many high T c superconductors. However, the introduction of pinning centres by means of irradiation induced defects is not a simple,
nor necessarily a cost effective process, and it, too, is limited in the degree of improvement that is readily achievable in physical performance.
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2.6.1 Electron Irradiation
Perhaps the easiest, cheapest, and most readily available irradiation technique
is electron bombardment. This process employs a beam of high energy (1~30 MeV)
electrons, which strike the target superconductor.22 Elastic interactions between the
energetic electrons and atoms in the superconductor result in movement of the superconductor atoms from their ideal positions in the crystal lattice. Due to the charged
nature of electrons, much energy is lost in interactions between the incident electrons
and the shell electrons of atoms in the target.22 This generates small defects, typically
considered point defects (with zero dimension), as they usually only effect a single
atom.22 If sufficient energy is transferred to the primary atom, then it may cause
knock on movement of secondary, and subsequent, atoms.22 Thus, some defects are
clusters of point defects, or Frenkel pairs, rather than discreet individual point defects.22,331 Important parameters of the incident electrons are their energy and their
number (dose).22
In YBCO, electron irradiation with 1 MeV electrons increased pinning through
introduction of point defects or very small cluster defects (< 2 nm).332 Electron bombardment improves J c and H*(T) of Bi-2223 at low temperatures and low fields (between 5 and 60 K).333,334 It would seem that at higher temperatures and fields, electron bombardment has either little effect on superconducting performance, or actually decreases the observed physical properties of the material.333 Results for Bi-2212
are similar,331,335 but higher energy electrons (28 MeV compared to 1-4 MeV) expanded the temperature range of enhancement (from 5 to 60 K).336 The activation
energy for flux jumping after bombardment by electrons was calculated to be scarcely different to that prior to electron irradiation.335 It would appear that the defects
created by electron bombardment are too small to effectively pin magnetic flux, and
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so are only useful at low temperatures and low magnetic fields when thermal fluctuations and driving forces are small.22

2.6.2 Neutron Irradiation
Neutron irradiation is similar to electron irradiation in that energetic neutrons,
for example from a reactor, bombard a superconductor.22 Similar to electron irradiation, critical parameters are the energy of the incident particles, and their density
(fluence).22 Unlike electrons, neutrons do not lose energy in electronic interactions.
However, thermal neutrons have relatively low initial energy, and are unlikely to
cause significant damage, or if they do, the minor damage they cause will be easily
annealed, even during the irradiation.337,338 Even fast neutrons may not have large
energy (perhaps 2 MeV; comparable to some electron beam energies).22 Again, similar to electron bombardment, neutron bombardment of HTS generates single point
defects, or cascades of point defects as a result of knock on effects.22 A cascade cluster defect is of the order of 1 to 6 nm in size, typically around 2.5 nm in Y-123 and
3.5 nm in Bi-2212.339-343 Surrounding the cluster is a vacancy strain field (direct inwards), which produces an effectively spherical defect of around 5-6 nm in size.
341,342,344

The precise structure of the defects is largely amorphous, with some indica-

tion of recrystallisation having occurred.343 Neutron irradiation has an advantage
over electron irradiation and ion irradiation in that the penetrating power of neutrons
is quite large, and the resulting homogeneity of defect distribution is superior.216 It
has the disadvantage of weak interactions (neutrons have comparatively huge penetration depths), thus requiring large irradiation doses or long irradiation times.345
Flux creep, and the effective activation energy were found to significantly improve (decrease and increase, respectively) in neutron irradiated high-T c materi-
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al.216,346-348 Neutron irradiation can, however, reduce superconducting performance
due to exacerbation of existing weak links in the material.216,349-351 This damaging
effect of fast neutron irradiation is most often observed at lower magnetic fields,
while the same material will out-perform unirradiated material at higher fields.9,344
For both Tl-2223 and Tl-1223, fast neutron irradiation had the negative effect of reducing Tc with increasing neutron dose.352 Excessive fast neutron irradiation of Tl2223 single crystals decreased J c at all temperatures and fields as a result of the introduction of large numbers of defects, to the point of disordering the superconducting nature of the sample, probably due to overlapping defect structures.352
Fast neutron irradiation of Y-123 single crystals enhanced J c by 10,000% at 77
K, but reduced T c .256,257 This commonly observed increase in J c with commensurate
decrease in T c was attributed to the presence of small (eg oxygen vacancy point defects) which provide strong collective pinning, but which decrease T c due to changes
in oxygen stoichiometry.256,328 The same irradiation of melt-textured bulk samples
gleaned a 1000% J c increase at the same temperature, but no improvement was observed in thin film samples.353 This difference was attributed to the pre-existing defect structures in these materials.354 Those materials with less existing pinning defects experienced greater enhancement of J c following neutron irradiation.354 Neutron irradiation of RE-123 and thallium based superconducting materials improved
flux pinning.352,353,355-358 Tl 2 Ca 2 Ba 2 Cu 3 O 10 (Tl-2223) irradiated by fast neutrons
showed an enhancement of J c by a factor of 52 at 40 K and 1 T, and an upward shift
of H*(T).252 Less significant improvements in J c and H*(T) were observed for
(TlPb)(SrBa) 2 Ca 2 Cu 3 O 8 (Tl-1223).252
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Single crystals of Bi-2212 irradiated with fast neutrons showed enormous improvement in properties and performance.359,360 Fast neutron irradiated Bi-2212 was
found to have superior J c at low magnetic fields and low temperatures (5 K), with
the enhancement moving to higher fields with increasing neutron fluence.361 At
higher temperatures (40 to 60 K) J c enhancement was found to be quite significant.362 The irreversibility line also shifted to higher fields and temperatures.363
Results for Bi-2223 are similar to those for Bi-2212, but at higher temperatures
(35 K), the irradiation decreased J c .364 The enhanced J c was attributed to an increase
in the magnitude of high energy pinning sites, as determined by magnetic relaxation
measurements.364 H*(T) was found to increase with low neutron fluence irradiation
at low fields, and at higher fields with increasing fluence.361 The shift of H*(T) was
especially marked when the applied field was parallel to the a-b axis.340 Additionally,
the temperature dependence of H*(T) was found to no longer follow the usual
form.340 Transport J c measurements of fast neutron irradiated Bi-2223/Ag tapes
showed that flux pinning is important even in the extremely 2D magnetic microstructure.365 The defects created by fast neutron irradiation of Bi-2223/Ag tapes decreased
J c slightly due to radiation-induced damage of weak links at low fields (the weak
link dominated region), but increased J c at higher fields due to improved flux pinning.9,344,365,366 Normalised J c results showed superior performance for the irradiated
samples at all fields, as did volume pinning results.9 The non-dimensionality (point
nature) of these defects caused insignificant change in the anisotropy of the Bi2223/Ag composites, as the misalignment angle (θ eff ) was 6.8o before irradiation,
and 7.0o after.344,365-367 Irradiation results for Tl-1223 were disappointing, with reductions in J c at all fields measured.344 This result was attributed to poor grain con-
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nectivity in the Tl-1223 material, which consequently rendered the material largely
unconnected after neutron irradiation further disrupted the already poor grain connectivity.344
An innovative enhancement to neutron irradiation is to dope the irradiated material with an element with a high neutron capture cross section. This principle allows the use of lower doses of fast neutrons, or even the use of thermal neutrons, in
order to achieve the same effects as would otherwise require large neutron irradiations.216 Gadolinium doping of Y-123 (with gadolinium replacing 0.1 of the yttrium)
allowed thermal neutrons to induce J c improvements comparable to fast neutron irradiated undoped Y-123.368

2.6.3 Ion Irradiation
One of the problems with electron and neutron irradiation is that the energy
transfer from bombarding particle to superconductor lattice atom is comparatively
low, roughly 40 eV for electrons, and 63 eV for neutrons.22 This allows for creation
of, at best, point defect cascades or clusters. Irradiation with ions, however, allows a
high mass incident particle, which if accelerated sufficiently, can have great energy.
Additionally, the energy transfer between large, highly charged, ions and the superconductor crystal lattice is much more efficient, leading to the creation of continuous, or semi-continuous defects.
These defects are typically columnar in shape, amorphous in structure, their
radius may be several atomic spacings, and their length many microns (~10-100)
long.48,325,369-372 For lower energy ion bombardment, the semi-continuous defects
produced are inhomogeneous along the length of the defect, and deviate from a cylindrical shape to form a defect that is more like a string of bubbles or beads, in
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which the round defect portions may be elongated.373 Such extended defects (in particular fully columnar defects) make for ideal pinning sites, as their morphology
matches the shape of flux vortices, and their dimensions (width) closely match the ξ
value of high-T c superconductors (being several nm). Pinning by columnar ion track
defects is effective under field and temperature regimes where other types of defects
are ineffective.48,369,371,372,374-384 In addition to the amorphous columnar ion track,
there is often a radial strain or displacement of the crystal lattice surrounding the defects, which may be some two to three times the diameter of the track itself.48 This
region contains severe lattice distortion.48,385 Extending further than this in samples
irradiated with large heavy ions, to some 3-5 times the size of the columnar defect,
are stacking faults created by the irradiation.48 The nature of these faults are chemical, and could not have been produced by dislocation motion.48 The weakly (or non)
superconducting region introduced by a columnar defect extends to some twice the
size of the defect itself, however, due to reductions in hole concentration nearby in
the distorted lattice region.48
Due to the charged nature of the incident particles, much of their energy is dissipated in electronic interactions with the target material.22 For a charged proton (hydrogen nucleus) of incident energy around the MeV range, the electronic to nuclear
energy loss ratio is around 1000:1.22 The nuclear energy loss is the energy transferred from the incident ion directly to the nuclei of the target.22 Due to interaction
effects, the relative electronic and nuclear energy loss vary greatly with incident particle energy.22 The variation for Bi-2212 bombarded by O7+ ions is shown in Figure
2-6.22 Additionally, energy is lost by the incident ion in the formation of Cerenkov
and “bremstrahlung” radiation.48 For columnar defects to be generated, an electronic
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energy loss of over ~20 keV/nm is required.22,370,381,386,387 Although for continuous
defects, slightly more energy loss is required, in the region of ~28-35 KeV/nm.388
Values of energy loss below around 11 keV/nm produce discreet spherical defects
(similar to fast neutron induced collision cascades) in a line.373 Higher energy losses
produce larger columnar defects, for example 40 keV/nm 6 GeV lead ions create columnar defects 9 nm wide in Tl-1223, while 50 keV/nm 6 GeV uranium ions create
columnar defects 11 nm wide in the same material.389

Figure 2-6 Dissipation of incident O7+ ion energy by electronic and nuclear interactions with Bi-2212.22

However, the precise structure, size, and density of defects formed depends
upon parameters such as the type and energy of ions, their incident direction relative
to the crystallographic orientation of the target, the chemical state of the target (in
particular, the oxygen content), and the target’s thermal conductivity.48,372,390 Ions
that impinge on the target material in a direction closer to the c-axis direction do less
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damage than those that strike more parallel to the a-b plane, with the difference in
magnitude of damage being 2-5 nm of column radius.48,384,391 Oxygen substoichiometry greatly increased the extent of damage to Y-123l; defects more than halved in
size when YBa 2 Cu 3 O 6.3 samples were ozone treated to full stoichiometry.48 Both of
these observations may be explained as being due to the lower thermal conductivity
of the materials in question (ie c-axis Y-123 or BSCCO, and semi-conducting
YBa 2 Cu 3 O 6 , as compared to a-b axis Y-123 or BSCCO, and metallic YBa 2 Cu 3 O 7 ,
respectively).48 The presence of intrinsic planar defects such as stacking faults and
grain boundaries, which often have reduced oxygen content, increases the size of
generated defects, especially if their plane is normal to the incident ion
beam.48,372,390,392 BSCCO is more damaged by ion beam radiation than Y-123.372,390
When the incident ions excite electrons in the target material, the highly energetic electron gas melts a nearby region of the material.48 Materials (or crystallographic directions in a material) with lower thermal conductivity will melt more
slowly, and produce smaller defects.48,393 It is hypothesised that the original molten
volume due to the incident ion was the full size of the observed amorphous core plus
the region containing the introduced chemical stacking faults (described above).48
During cooling from the molten state, outer regions cooled sufficiently slowly to recrystallise to a nominally correct structure, but with the formation of stacking faults
(typically extra Cu-O planes) and corresponding sessile dislocation.48 However, the
theory of “thermal spikes”394 is not the only explanation for ion induced amorphisation of the target material.48,216 “Coulomb blockade”, “ion explosion”, or “Coulomb
explosion” models have also been proposed to explain the phenomena.48,216,219,395,396
In these theories, positively charged ions ionise the material as they pass through,
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and the residual mutually repulsive interactions between positive ions results in
damage to the crystallographic lattice.216

2.6.4 Low Energy Ion Irradiation
Bombardment of Y-123 with ~1 MeV protons forms defects similar to electron
or neutron bombardment.339 Except at low temperatures and/or fields, there was little
change in magnetisation, thus presumably little change in the effective pinning activation energy, insignificant changes in flux pinning, and no shift of H*(T).253,397 Y123 irradiated with 182 MeV Si13+ ions showed no continuous defects.48 Structures
observed were similar to those produced by neutron and proton irradiation.340,398 Irradiation of the same material with 236 MeV Cu18+ ions produced columnar defects
in only small amounts, when the incident ion beam happened to be aligned with the
a-b axis of the material.48 Ag21+ ions produced columnar defects about 50% of the
time (ie, the incident ion dose doubled the observed occurrence of columnar defects).48 300 MeV Au24+ ions were required for each incident ion to reliably produce
a columnar defect.48 The diameter of the defects produced also increased with increasing ion energy, charge, and size: 10.6 nm for Au24+, 5.9 nm for Ag21+, and 2.36
nm for Cu18+.48
Irradiation of Bi-2212 single crystals by 120 MeV oxygen ions (sufficient to
generate point defects and clusters) enhanced J cm at all temperatures from 20 to 77
K, with an example enhancement of 200 fold at 40 K and 0.1 T.22 The dependence of
J cm on externally applied magnetic field after irradiation was comparable to the same
material after neutron irradiation.22 Irradiation can, however, prove damaging to the
material’s physical performance. Bi-2212 single crystals irradiated with heavy doses
of 30 KeV N+ ions suffered impaired superconductivity, probably as a result of a
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change in oxygen content.399 Bi-2212 films irradiated by 400 keV helium ions
showed decreased J ct that was later recovered by annealing at 400 oC.400,401
Melt-processed Bi-2212 irradiated with 400 MeV oxygen ions (sufficient to
only create point defect clusters) showed a decrease in T c of 7 K, but a substantial
increase in irreversible magnetisation (∆M) at lower temperatures (< 60 K).402 The
activation energy for flux creep was determined, and found to be no higher after irradiation than before.402 This indicates that the defects introduced were not stronger
pinning sites for magnetisation currents than existing intrinsic defects such as oxygen vacancies, and that the enhanced performance was more due to an increase in
pinning sites than an increase in pinning strength.402 However, for transport J c measurements, the effect of irradiation at low temperatures (15 K) was negligible, while
the improvement of transport J c with increasing magnetic field was readily apparent
at higher temperatures (up to 60 K).402
Bi-2212 tapes irradiated by 120 MeV oxygen ions showed a decreased T c (82
to 76.9 K), but ∆M increased with increasing fluence, especially at higher temperatures and fields.403 H*(T) increased with increasing fluence, and the effective activation energy also increased, the latter most markedly at higher temperatures.403 Bi2223/Ag tapes irradiated by 250 MeV gold ions exhibited continuous columnar defects (as produced by high energy irradiation, §2.6.5), but only for approximately 5%
(5 µm) of the Bi-2223 core.404 Even with these relatively short columnar defects,
significant improvements in H*(T) and J c , as well as the anisotropy of H*(T) and J c
were observed.404
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2.6.5 High Energy Ion Irradiation
When an external magnetic field is applied in a direction parallel to that of columnar defects, flux pinning is observed at high fields and high temperatures, and
H*(T) improves.380,383 The presence of columnar defects, with their almost onedimensional morphology, gives high pinning when applied fields are parallel to the
defect direction. This anisotropy in pinning behaviour can be a disadvantage, or an
advantage, depending on the application and design of devices that incorporate such
defected material.
580 MeV tin ion irradiated YBCO crystals exhibited a J c of 4.5 x 105 A.cm-2
under an applied external field of 3T; except at low temperatures (5 K) the same material irradiated by protons showed a zero J c .219,253,380 The observed pinning enhancement was much greater when the applied field was parallel to the defect
tracks.380,383 Irradiation by 5.3 GeV lead ions produced similar results, with H*(T)
shifting to higher fields and temperatures, and changing in curvature, and a substantial decrease in the flux creep rate.374 However, improvements in flux creep rate are
only possible up until defect saturation with vortices, and are dependent on temperature.219 The pinning by columnar defects is so strong that ion tracks created at 45o to
the c-axis direction still pin vortices when a field is applied parallel to the c-axis under high fields.

405-407

It is more energetically favourable to extend the length of the

defect (with the associated suppression of superconducting order parameter) so that
it matches the morphology of the extended columnar defects than to minimise the
vortex length.406 This effect is more pronounced with defects that are continuous,
and thus better able to trap entire lengths of vortices.408 Conversely, the effect is less
pronounced in more anisotropic materials, as in these cases the energy for kink formation is lower, and there is less of an energy advantage to be had by forcing a vor60

tex to follow an inclined defect track.409 Heavy ion (for example 3.5 GeV xenon, or
5.3 or 5.8 GeV lead) irradiation dramatically improved J c and magnetic irreversibility, and reduced magnetic relaxation in RE-123.369,371,374,410-413 Similarly, thallium
based HTS (Tl-2212, Tl-1223, Tl-2223) irradiated by 6 Gev lead ions showed a
higher H*(T)389, and that irradiated by 3.6 GeV and 5.8 GeV xenon showed an improved J c 376.
Irradiation by 0.5 GeV
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I ions linearly reduced T c of Bi-2212 single crystals

with increasing dose, but significantly increased J cm performance (5-10 fold) at all
magnetic fields up to 5 T (the maximum tested) at 10 K.375 The same material irradiated with 580 MeV tin ions showed 5-50 fold enhancement of J cm in the temperature
range 5-50 K under an applied field of 1 T.414 Both sets of experiments tested with
the applied field parallel to the c-axis, which was also parallel to the direction of the
columnar defects. 375,414 However, the second set of experiments by Thompson et al.
found that in Bi-2212 single crystals, the extent of angularly selective pinning was
small compared to Y-123 samples.414 The 0.5 GeV
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I ion irradiated samples

showed a largely unchanged activation energy (30-35 meV) for flux motion at 10 K
and 0.1 T until the number of columnar defects was greater than the number of vortices.375 A maximum in pinning energy (70 meV) was observed when the number of
defects roughly doubled the number of vortices.375 The observed pinning energies
compare very well to Clem’s pancake-vortex model, as do results for 0.65 GeV
nickel ion irradiated crystals, which supports the hypothesis that the low angular dependence of pinning energy was as a result of 2D vortex dissociation.228,414-416 For
comparison, irradiation by 5.3 GeV lead ions gave an effective activation energy of
50 meV at 60 K and 300 G.417
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Irradiation by 6 GeV lead ions created 7 nm diameter columnar defects in Bi2212 single crystals and produced a sharp increase in pinning force at particular applied fields, the value of which increased with dosage.418 The field at which the maximum pinning force occurred was proportional to the dose, unlike neutron irradiation, which shifts the maximum point without correlation to the dose, or proton irradiation, which does not shift the maximum point at all.22,418 The linear dependence of
the maximum field is a characteristic of the presence of columnar type defects, rather
than point defects or clusters.22 5.8 GeV lead ion irradiation of Bi-2212 produced
similar results, and showed a large improvement in ∆M.22 Precisely controlled irradiation of Bi-2212 single crystals by 240 MeV Au14+ ions using Lorentz microscopy
and sample masks showed higher flux line density and a smaller relaxation rate in
irradiated regions.419
Bi-2212 single crystals irradiated by 6 GeV lead ions showed distinct changes
in the positions of their irreversibility lines.222,418,420 At low temperatures (T/T c <
0.3) H*(T) for all fluences (including no irradiation) coincided, indicating that in this
low temperature region the critical mechanism determining the position of H*(T)
was unchanged by the presence of columnar defects.389,418,421 At higher temperatures
(0.3 < T/T c < 0.6), increasing the density of columnar defects increased the position
of H*(T) to higher fields.389,418 It would appear that each columnar defect pins a vortex.389,418,420,422 Although it has been proposed that even once all columns have
pinned a vortex, then a form of collective pinning in which vortex-vortex interactions become significant allows additional vortices to be pinned between columnar
defects.423 At even higher temperatures (T/T c > 0.6), the H*(T) lines for all fluences
once again began to merge, although less strongly than at low temperatures.222,418
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This sharp shift in the H*(T) line was attributed to the transition of the vortex lattice
from 3D to 2D and showed a strong correlation between the decoupling line.418,424
However, JPR experiments show that even in this higher temperature regime, decoupled vortices can be recoupled by the presence of columnar defects, forming vortex
lines.222,425 Pinning force analysis determined that at low temperatures the postirradiation H*(T) was composed of the temperature dependence of the field at maximum pinning force prior to irradiation, and at high temperatures it was based upon
the temperature dependence of the field at maximum pinning force after irradiation.424 This change in dependence typically occurred around 20-30 K.424 In general,
irradiation by high energy heavy ions (such as 5.8 GeV lead ions) significantly shifts
H*(T) to higher fields at all temperatures.22,375,380,382,407,414,421,426
The H*(T) of single crystals of Bi-2212 irradiated with 5.8 GeV lead ions was
found to be determined by the flux-creep rate.427 They exhibited giant, strongly nonlogarithmic magnetic relaxation as a result of pinning by columnar defects.427 Fluxcreep was ascertained to occur as a result of a vortex-loop nucleation process. 427 In
addition to the crossover from single-rod depinning to variable range hopping, a new
crossover from combined pinning by both pre-exisiting defects and introduced defects to purely introduced defect pinning was observed.428 In such films irradiated
with 2.7 GeV 238U ions, the occurrence of the Bose-glass transition was rationalised
as vortex localisation as a result of correlated disorder increasing the tilt modulus of
the vortex ensemble.429 Pinning by columnar defect tracks created by 17.7 GeV uranium ions in Bi-2212 single crystals was strong enough to prevent thermal fluctuation of vortex positions at all temperatures for magnetic fields up to 150 mT.430 Single crystals of Bi-2212 irradiated by 2.25 GeV silver ions showed suppressed dy-
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namic creep rates as compared to unirradiated crystals, and this depression became
more pronounced at higher temperatures.421 At fields exceeding the matching field,
however, the suppression was reduced.421
Melt-textured layers of Bi-2212 on silver tape irradiated by 502 MeV 127I ions
showed enhanced J cm from 4.2 to 60 K; with improvement being 1000 times at 30 K
under a 2 T field.431 J ct , however, showed less significant enhancement, up to 5 fold
at most.431 The granularity of samples may be neglected for unirradiated samples, but
limited the enhancement of J ct possible by irradiation.22 This result was similar to
that observed in the above mentioned 400 MeV oxygen irradiated melt-processed Bi2212, in which J ct improvement would appear to have been limited by granularity
effects.402 Flux motion activation energies change in a manner similar to single crystal material irradiated with the same ions (above), but with twice the dose being required in the melt-textured material to achieve the same activation energies (ie, approximately 4 times the density of columnar defects compared to the number of vortices is required for maximum pinning).375,431 Irradiation of Bi-2212 melt textured
tapes with 580 MeV silver ions resulted in a 1-2 T increase in the magnetic hysteresis, evidencing significantly higher persistent current densities.432 Energetic uranium
ion irradiation of Bi-2212 single crystals and Bi-2212 melt textured tapes showed J c
(at 40 K) improvements of two orders of magnitude and an order of magnitude, respectively.433 At higher magnetic fields, the improvement was up to five orders of
magnitude and three orders of magnitude, respectively.433
Polycrystalline Bi-2212 tapes irradiated by 180 MeV Cu11+ ions showed little
reduction in T c at low fluences (up to 1011 ions.cm-2), but a more rapid decline at
higher fluences (eg, a 10 degree reduction at 1012 ions.cm-2).335 The effect of irradiat-
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ing with Br11+ ions was similar, with the reductions starting slightly sooner, and the
extent of reduction being considerably larger (eg, 60 degrees at the same 1012
ions.cm-2 dose level).335 For comparison, electron irradiation barely changes T c up to
dose levels of 1018 electrons.cm-2.335 ∆M was enhanced under all magnetic fields at
temperatures up to 60 K by all three processes, and at 77 K by electron and Cu11+
irradiation.335 Br11+ reduced T c so significantly that this effect overrode any ∆M improvements.335 J ct improved only at low fluences, with high fluence drops in J ct being attributed to irradiation exacerbation of weak links.335 Changes in H*(T) with
irradiation by Cu11+ and Br11+ were of an upward shifting form, with the magnitude
of increase ranging from 2 to 10 fold depending on temperature; much higher than
the 50% increase due to electron irradiation.335 At high and low temperatures, the
increase was less (2 to 4 fold) due to intrinsic pinning (at low temperatures) and degradation of T c and anisotropy (at high temperatures).335 This observation is the same
as that made by Hardy et al. for single crystal Bi-2212 irradaition.418 The activation
energy at 0.2 T changed from 15 meV before irradiation to 40 meV after;335 both
values around 50% lower than those reported by other authors.375,402,431
Single crystals of Bi-2223, with no contact between crystals, and weak intrinsic pinning, were irradiated with 0.8 GeV protons.434 At all temperatures, the irradiated crystals’ J c was around an order of magnitude higher than the unirradiated crystals.434 Civale et al. irradiated Bi-2223/Ag tapes with 1 GeV Au23+ ions and induced
columnar defects with diameters of 10 nm; the irreversible region was greatly enlarged, and ∆M improved significantly for all measured fields and temperatures.435
H*(T) showed a considerable upward move with the irradiation, most markedly at
higher temperatures.435 Irradiation of Bi-2223/Ag tapes with 0.65 GeV and 2.65 GeV
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gold ions considerably increased the critical current.13,415 0.8 GeV proton irradiation
of Bi-2223/Ag tapes resulted in the creation of long defect tracks, and samples
showed a large dose-dependent increase of J c under applied magnetic fields parallel
to the track direction, with little to no loss of J c under self-field.12
One of the potential problems with ion irradiation techniques (other than their
prohibitive cost) is that defects with a single orientation are most effective in only a
single applied field direction.380,436 With kink formation being relatively easy, especially in 2D BSCCO materials, dissipation can easily occur when vortices form
kinks.216 In fact, identical parallel columnar defects are completely ineffective at
preventing expansion of double kinks once relaxation has moved out of the initial
stage of nucleation of half loops.437-439 More randomly oriented columns have the
advantages of an entangled flux line ground state and of inhibiting large scale low
energy excitations (such as kink formation), thus reducing dissipative losses.216,437
Crossed linear defect structures provide greater pinning in 2D systems than aligned
linear defect structures, as they inhibit superfast vortex creep via variable-range vortex hopping.439-441 Additionally, in a crossed linear defect structure, flux line depinning due to kink-pair creation is inhibited.9 However, in more isotropic (3D) superconductors, such as Y-123, in which kink formation is not such a common occurrence, too great a splay of orientation of columnar defects can be detrimental.442
Rutherford scattering as a result of collisions between incident ions and lattice
ions can generate a small amount of angular variation in the defect orientation.219,372
The difference in J c performance between YBCO crystals irradiated with tin (low
mass, and lower energy of 0.58 GeV) and gold (high mass, and higher energy of 1.08
GeV) ions was an order of magnitude at 80 K.443 The difference was determined to
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be largely a consequence of the difference in the splay of the columnar tracks, with
the lighter tin ions being more prone to deflection due to Rutherford scattering.443
Tilting or rocking of a sample during ion beam bombardment would lead to
such a splayed arrangement of defect columns.437,440,443,444 Such configurations of
tilted or splayed columnar defects have shown greater performance than linearly parallel arrangements.219 However, even highly splayed arrangements will never
achieve a truly random or anisotropic arrangement of columnar defects. This is not
necessarily a disadvantage, depending on the superconductor involved and the direction of the external magnetic field. If the direction of applied field is well known and
stable, then optimum pinning effects, and thus J c , will be obtained if the angular dispersion of columnar defects with respect to the applied field direction is a particular
value, which depends on the electronic anisotropy of the superconductor.219,384,445
For YBCO, it was determined that discreet planar misorientation of ±5o to the external magnetic field was superior to parallel orientation or a gaussian splay distribution.442 The value for Bi-2212 was closer to 60-75o.384

2.7 FISSION IRRADIATION METHODS
While in theory it might be effective to establish precisely controlled misorientations of columnar defects with the applied external magnetic field, in practice it is
usually not possible to control the environment to such a degree so as to have a consistent direction of applied magnetic field.436 For example, superconducting cable
employed as windings in an electromagnetic coil turns through 360o, requiring either
a continuously varying misorientation of the defect structure, or a completely isotropic defect structure. The former option is nigh on impossible. The latter option is
not possible with any columnar defect producing ion irradiation technique.
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However, fission techniques are able to produce wholly directionally isotropic
columnar defect structures because fission reactions, if they occur within the structure of the material on a microscopic scale, will produce daughter atoms with large
momentum in completely random directions. It is impossible to predict the direction
in space that the two daughter atoms of a fission reaction will be propelled, other
than to say that each will go in the exact opposite direction to the other. With the energy released in a fission reaction being large, and the mass of many fissionable elements high, the effects of fission reactions can be comparable to fast heavy ion irradiation. Thus, by using fission techniques, columnar defects can be generated with
isotropic arrangements. Such an isotropic arrangement, if sufficiently dispersed so as
to create more or less continuous defects, can result in 100 times the fluxoid entanglement that relatively parallel columnar defects can engender.26
One flip side of this otherwise advantageous sounding idea is that for these
techniques to function at all, fissionable isotopes must be incorporated into the structure of the superconductor. This may be as simple as replacing an otherwise unfissionable isotope of a component element with a fissionable one, or it may involve
incorporating a fissionable element into the structure of the material. The former option is only viable if a suitably easily fissioned isotope of an exisiting component element is available. The latter presents problems related to elemental dispersion and
distribution,446 not to mention concerns about chemical compatibility and phase stability. However, the very nature of utilising a fissionable isotope that is distributed
throughout the structure of the superconductor helps fission based processes avoid
one of the pitfalls of ion irradiation techniques, namely, low ion penetrating power.
Many ion irradiation processes are only suitable for thin films or suitably thinly pro-
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cessed bulk samples, and are often unsuitable for sheathed tapes as the outer layers
may completely block the ions.239,447,448
Another potential negative is residual radioactivity, either from the incorporated elements themselves, from their daughter isotopes, or from the process employed to engender fission. Nonetheless, these techniques are powerful and versatile,
and work can be carried out to minimise the problems and achieve maximum benefit
from the processes.
While fission product damage is usually compared to fast heavy ion damage,
there are some noteworthy differences. One of the more obvious is that heavy ion
induced columnar defects necessarily extend to the edge of the material. As a result
of the amorphous material being less dense than the surrounding matrix, a stress mismatch occurs. This stress is often relieved by slow forcing of amorphous material out
of the sample though the surface ion penetration points.449 With fission tracks often
being entirely internal, these stress fields are not able to be so easily relieved, and the
entire effect of a columnar defect may be significantly larger than the defect itself
(perhaps twice as large) as a result of elastic strain.241,372,450
Schwartz and Wu doped Bi-2212 with lithium and irradiated the polycrystalline powders with mixed energy neutrons (both thermal and high energy).338,447 This
resulted in both neutron induced defects (§2.6.2) and caused some of the lithium to
fission into tritium and an alpha particle (lithium is 7.6 % 6Li which has a neutron
capture cross section of 945 b), with an energy release of 4.8 MeV.338,345,447 The low
energy of the fission event and the low mass of the daughter atoms will make the ion
damage more comparable to low energy ion bombardment (§2.6.4). The fission induced damage from even these light low energy ions was significant enough to
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markedly increase (150% - 330%) magnetisation at most fields as compared to the
modest 20% - 50% improvement from the neutron irradiation alone.447 At higher
fields (> 1 T) the increase was greater than 30 fold.338 Additionally, the irreversibility line was extended to higher fields in the lithium doped samples, and these samples showed increased magnetisation at higher temperatures.447
Manton et al. doped YBCO with lithium and induced fission by neutron irradiation.345 Their results indicated a change in pinning regime, but were overall disappointing, as lithium doping degraded the general performance of unirradiated YBCO
to the point where even though the J c gains after irradiation were twice that of undoped material, the gross magnitude was still lower.345 These results may be improved with refinement of the initial processing of the lithium doped YBCO, but
they highlight the inherent difficulties of adding elements to carefully synthesised
HTS.
Krusin-Elbaum et al. irradiated Bi-2212 thick films (3-4 µm thick) with 0.8
GeV protons, causing fission of the

209

Bi nuclei (fission cross section 155 mb as a

result of a resonant proton absorption event).11,12,216 A typical fission reaction between an incident proton and a bismuth nuclei produces an 80 MeV xenon nuclei and
a 100 MeV krypton nuclei.11,242 These daughter atoms have ranges of 7-12 µm
though the Bi-2212 matrix.11 TEM analysis showed a typical track diameter of ~7
nm, and a widely varying degree of track splay.11 Magnetisation hysteresis increased
2-6 fold at lower temperatures (5 K) up to 5 T, and at higher temperatures (30 K) the
effect was much more pronounced, with increases being effectively infinite at fields
above approximately 0.5 T.11 Similar results for magnetic hysteresis loop widths
were also observed by Ossandon and Thompson.242 Critical currents were dramati-
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cally enhanced at all measured fields and temperatures (1-4 orders of magnitude),
with large J c values present in irradiated samples at temperatures and fields well
above the irreversibility line of unirradiated samples.11 In the work of both KrusinElbaum et al. and Ossandon and Thompson, the irreversibility line was shifted to
higher fields and temperatures, with an example shift being 22 K at 1 T.11,242 KrusinElbaum at al compared the physical enhancements with high energy heavy ion irradiation experiments, and it was found that for comparable improvements only a third
of the dose was required, indicating the greater efficiency of splayed defects.11 As an
additional benefit for engineering production, the penetrative power of high energy
protons is typically around 0.5 m, which would allow treatment of fully clad materials or even entire manufactured pieces.11,448
Safar et al. employed the method of Krusin-Elbaum et al. and irradiated Bi2223/Ag composite tapes with 0.8 GeV protons.12 The tapes were then characterised
by transport measurements, and an example of the variation in tape performance is
shown in Figure 2-7.12 The improvement in critical current drop with increasing field
is immense, and is most particularly obvious at fields above 0.5 T. Results for lower
temperatures than 75 K, for example 64 K, were even more pronounced, with the
rapid low field drop in J c almost eliminated and the entire curve shifted half an order
of magnitude higher.12 The irreversibility line was determined to increase by approximately 15 K in the range 1-8 T.12
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Figure 2-7 Variation of J c (normalised) in an externally applied magnetic field (H || caxis/tape surface) for 0.8 GeV proton irradiated Bi-2223/Ag composite tape. B φ is the
matching field for the irradiation dose (the field at which each track is occupied by 1
vortex); higher matching fields indicate more columnar defects (due to larger irradiation doses).12

Maley et al. used the technique of Krusin-Elbaum et al. and irradiated Bi-2212
single crystals and Bi-2223/Ag composite tapes with 0.8 GeV protons.239 They found
similar enhancements of J c after irradiation, but also determined that the decoupling
transition temperature of pancake vortices was increased as a result of the fission irradiation.239 Ossandon and Thompson, who irradiated Bi-2212 thick films with the
method of Krusin-Elbaum et al., also observed large increases in J c as a result of iradiation, but also established that proton irradiated Bi-2212 thick films trapped five
times the flux of virgin films.242 Additionally, they also found that the persistent current decay rate due to flux creep was improved by a factor of 10 after irradiation.242
All of these results indicate stronger pinning as a result of irradiation. Cho further
explored the persistent current decay rate due to flux creep, and found a lesser rate at
fields less than the matching field, although the matching field was found to vary
with temperature, likely as a result of a reduction in the effective pinning centres as
temperature increases.451
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Thompson et al. measured quantum creep in 0.8 GeV irradiated Bi-2212/Ag
tapes and found that irradiation halved the persistent current decay rate caused by
quantum creep.262,452 Thermal creep was still influencing the persistent current decay
rate in unirradiated tapes at around 5 K under a field of 10 kOe.262,452 After irradiation, thermally induced creep was negligible at around 10 K under the same applied
field, and the persistent current decay rate due to quantum creep was halved.262,452
Even so, quantum creep at temperatures as low as 2 K still accounted for some two
orders of magnitude loss in J c from the theoretical maximum predicted by the depairing current density.452 Qualitatively similar results were obtained for proton irradiated Tl-2212 polycrystals (in which the incident proton induces fission of thallium
nuclei).452
Furthering the comparative work of Krusin-Elbaum et al., Cho et al. compared
Bi-2212 single crystals irradiated with similar doses of unidirectional columnar defects (produced by irradiation with 1 GeV uranium ions) and isotropic splayed columnar defects (produced by irradiation with 0.8 GeV protons).453 They found a
much sharper zero resistance transition temperature for the proton irradiated samples
at all applied magnetic fields (from 0.1 T to 7 T).453 However, contrary to the observations of Krusin-Elbaum et al., the isotropically irradiated crystals had around a
third of the effective matching field of the unidirectional irradiated crystals.453,454
Samples with unidirectional columnar defects showed a sharp change in activation
energy at around the matching field; the samples with isotropic columnar defects
showed less variation of activation energy with magnetic field.453 At fields lower
than the matching field, the activation energy of isotropically defected crystals was
slightly lower, which is plausible when the energy requirement for slightly tilting
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vortices is taken into account.453 At fields above the matching field, the isotropically
irradiated samples had higher activation energies than the unidirectionally irradiated
samples.453 At these higher magnetic fields point defect-like pinning becomes important, and there are more point defect-like defects present in the sample with perfectly splayed columnar defects.453 Additionally, vortex-vortex interactions were
found to become significant at around a third of the matching field in isotropically
defected material.454 It would be expected that these results would be markedly different for applied magnetic field orientations other than perpendicular to the a-b axis.
Hensel et al. also made use of the proton/bismuth nuclear reaction to produce
splayed columnar tracks in Bi-2223/Ag tapes by irradiating with 600 MeV protons.391 One of their most interesting results is shown in Figure 2-8, and demonstrates the significant reductions in critical current anisotropy that are achievable
with fission based techniques.391 At the dosages employed (matching fields of
around 0.5 T) the irreversibility field was found to dramatically increase in the useful
temperature regime of 25 - 85 K.391 However, a decrease in the irreversibility field
was observed at higher temperatures (closer to 100 K) as a result of T c depression of
the material after irradiation.391 Similar T c depression (from 94 K 88 K) was observed in Bi-2212 thick films by Ossandon and Thompson after 0.8 GeV proton irradiation.242
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Figure 2-8 Variation of critical current with applied field angle of both unirradiated
and proton irradiated Bi-2223/Ag tape at 77 K under an applied magnetic field of 0.5
T.391

A potentially negative effect of splayed columnar defects was observed in the
results of Hensel et al. low temperature magnetisation results in which at 20 K, the
normalised magnetisation dropped off faster at fields above 1 T in the irradiated
tapes than the unirradiated ones.391 They attributed this behaviour to interplay of defect topology and vortex localisation.246,391,442 Dhalle et al. further studied this phenomena and found that at temperatures below 30 K irradiation increased the creep
rate.455 They modelled this behaviour by noting that it is generally concurred that a
3D to 2D crossover in vortex dynamics occurs at around 30 K in Bi-2223 HTS.455
With this in mind, they were able to define a “localisation length” which related to
the splay of defects and the correlation length of the vortices.455 When vortices were
3D, the localisation length was larger than the grain size, and vortices were equally
well pinned at any position (ie, they were able to move freely, resulting in creep).455
When vortices were 2D, their localisation length was much smaller (comparable to
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the spacing between CuO planes), and a discreet position on a defect was able to pin
each pancake individually.455
The work of Maley et al. on Bi-2223/Ag composite tapes also demonstrated
that, at least up to irradiation doses producing equivalent track densities of 1 T, there
was no intergranular connectivity degeneration.239 Additional work by Budhani et al.
demonstrated that higher irradiations (2 T matching field) produced a lesser field dependence of J c on applied magnetic field, but a lower J c overall.241 This overall reduction of J c was attributed to radiation induced damage of the crystal lattice and
grain boundaries.241
Additional interesting work carried out by Hensel et al. related to postirradiation annealing of the tapes.391 In this experiment, they found that a short (1
hour) anneal of the irradiated tape at 700 oC dramatically increased the critical current, by a factor 2-4, for applied fields up to 0.8 T.391 It was hypothesised by the authors that this increase was due to relaxation of mechanical strain introduced as a result of the expanded amorphous defects.391 Annealing at higher temperatures (825
o

C) resulted in a decrease of performance to near before-irradiation levels, with the

hypothesis that extensive recrystallisation of the amorphous defects had occurred.391
Budhani et al. carried out similar annealing experiments and found that a 3 hour anneal at 400 oC changed the low temperature (55 K) properties of 800 MeV proton
irradiated Bi-2223/Ag tapes little, but such annealing significantly improved the critical current-magnetic field behaviour at higher temperatures (63 and 77 K).241 They
explain this observation by speculating that the low temperature anneal removes
point defects such as cation vacancies and oxygen disorder.241

76

Krusin-Elbaum et al. repeated their Bi-2212 proton irradiation experiment with
Hg-1201 and Hg-1212, in which 0.8 GeV protons induced a fission reaction in 200Hg
(fission cross section 110 mb).456,457 Example fission products of the reaction are zirconium and niobium, with energies of around 100 MeV, which produce columnar
tracks of 8-9 nm diameter and 8-9.5 µm length through the superconductor matrix.457
The irradiation of Hg-1212 increased J c by an order of magnitude or more at fields
up to several teslta (5.5 T), and increased the temperature range at which a finite J c
was measurable to over 100 K (irreversibility temperature increases of around 25
K).456,457 It was proposed by the authors that the impressive results are only obtainable in highly anisotropic superconductors, in which play angles are renormalised as a
result of the anisotropy.456,458,459 For less anisotropic superconductors such as Y-123,
too great a splay angle (> 10o) actually enhance vortex motion.442 This observation
was found to be true to a degree in Hg-1201, in which irradiation lowered J c at low
fields (0.1 T), but increased it by two orders of magnitude at high fields (1-2 T).457
At fields around the matching field of 1.2 T, the irreversibility line for Hg-1201 was
increased by some 35 K.457

2.8 U/N METHOD
The most effective fission methods employ high atomic number atom fissions.
These methods ensure a high energy and relatively heavy mass of daughter atoms,
which result in fully amorphous, long columnar tracks. Fission techniques that rely
on fission of low atomic mass nuclei only generate light and less energetic daughter
atoms, and thus produce less effective pinning centres. As such, lithium fission techniques338,345,447 are less effective than proton fission techniques, such as those able to
be used in bismuth,11,12,216,239,241,242,246,262,391,442,448,451-453,455 mercury,456,457 and thallium452 containing superconductors.
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However, the fission techniques listed above also rely on highly energetic protons of around 1 GeV energy. Proton beams of this extremely high energy are rare,
exceptionally expensive, their beam time is in high demand, and they can only irradiate a tiny area at a time (perhaps 1 cm by 1 cm).12,446 Similar problems are inherent
with external ion irradiation techniques, with small sample size and tiny sample penetration hindering large scale use of these enhancement methods.460,461 Even though
work is under way to scale up the proton induced fission procedure with methods
such as reeling superconducting tape through an irradiation chamber, the process is
inherently limited by the requirement for expensive and rare ultra-high energy proton
beams.239,460
Alternative methods involve doping the superconducting material with an element that is more readily fissionable.446 The best known example of this is uranium,
which has a large thermal neutron capture cross section and fissions readily when
exposed to thermal neutrons.

235

U fissions upon capture of a thermal neutron, and

produces two daughter atoms with an average mass of around 116 amu and a combined energy of around 200 MeV.14,462-464 Due to the proliferation of nuclear reactors, and the general availability of 235U, doping with uranium is achievable, and exposure to thermal neutrons is comparatively readily available (at least compared with
the availability of GeV proton beams). The process of doping with uranium and exposing the material to thermal neutrons to induce fission has become known as the
“U/n method”.463-465
Compared to proton beam irradiation methods, and other irradiation techniques, the U/n method has several practical advantages. When compared to ion irradiation methods or proton irradiation methods, the enhancements possible with U/n
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processing are some two to four times larger.330,460,464,466 Additionally, because the
U/n method can be applied with low energy thermal neutrons, rather than high energy ions, or ultra-high energy protons, damage to the grain boundaries and reduction
of intergrain currents due to weak links can be reduced.329 The cost of processing
and irradiation using the U/n method is some 10 to 60 times lower than that of a proton irradiation technique.460,463 Proton induced fission, with its requirement for unusually high proton energies, more than doubles this cost difference again.26,330,464
For YBCO materials, the residual radioactivity is between three fold and
around two orders of magnitude lower for the U/n method when compared to proton
irradiation processes.23,26,460,463 Fast neutron irradiation approaches also require much
larger fluences than the U/n method, which means more irradiation time, necessitating an order of magnitude more cost, and results in three to five times the residual
radioactivity.23,26,460 Optimised U/n processed Y-123 has a residual γ radioactivity
after six months of around 7 kBq.g-1, which is approximately a fifth of a household
smoke detector.26,467 At 10 cm with no shielding, the biological dose as a result of
emissions from the material are less than that adsorbed from cosmic rays.26
For Bi-2223/Ag materials, the residual radioactivity is approximately 14 times
lower for the U/n method when compared to proton irradiation fission processes.330,464,466 Fast neutron irradiation approaches also require much larger fluences
than the U/n method, which means more irradiation time, necessitating around 30
times the cost, and resulting in around 100 times the residual radioactivity.130,464,466
One potential problem with the U/n method, however, is the reliance on thermal neutrons. Thermal neutrons, of typical energy 25 meV, have relatively low pene-
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trating power compared to fast neutrons, of typical energy 1.5 MeV, or ultra-high
energy protons, of typical energy 800 MeV.330 Typical penetration depths of thermal
neutrons in different HTS materials are given in Table 2-3.330 Fortunately, Bi-2223
has one of the highest penetration depths, as its constituent elements have relatively
low capture cross sections for thermal neutrons. With a penetration depth of around 4
cm, even bulk Bi-2223 electrical devices can have their performance improved by
the U/n method. When compared to ion irradiation techniques, which typically have
penetration depths of some tens of microns, 4 cm is considerable.436,466
Table 2-3 Adsorption distance at which incident thermal neutrons are diminished by a
factor of

1
≈ 0.368 .330
e

HTS
Y-123
Sm-123
Nd-123
Gd-123
Bi-2223
Tl-2223

d e (cm)
4.44
0.0367
2.16
0.00406
4.6
4.55

Work employing the U/n method in HTS was pioneered by Fleischer et al.,14
who in combination with other authors had employed a similar technique over two
decades earlier with low temperature superconducting Nb 3 Al and V 3 Si.468 Their earlier work with Nb 3 Al and V 3 Si showed improved flux pinning attributed to fission
induced damage after thermal neutron irradiation.468 In their work with sintered bulk
YBCO, Fleischer et al. doped the superconductor with 150 and 380 ppm of uranium.14 The uranium was added as 0.08 and 0.2 wt% UO 2 , and natural, rather than enriched uranium was used.14 A range of irradiation fluences were employed, resulting
in varying densities of fission tracks, which were approximately 16 µm in length.14
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Fleischer et al. found that the uranium doping decreased magnetic hysteresis
by a small amount, but that after irradiation the magnetic hysteresis was markedly
increased by some 4 to 20 times.14 The increase was dependent on temperature, and
indicated a much larger pinning energy for irradiated samples.14 A portion of the increase was attributable to thermal neutron irradiation effects (§2.6.2), but the magnitude of this portion was less than 5% of the total improvement.14 T c transition onset
was reduced as a result of irradiation by only 1 or 2 K, but the transition width increased two to three times.14
Interestingly, there were no fission tracks observed by TEM in the uranium
doped and irradiated YBCO of Fleischer et al..14 Weinstein et al., however, observed
broken tracks, or so called “string-of-beads” defects in uranium doped and irradiated
Y-123, as shown in Figure 2-9.23 This is not entirely surprising, as materials with
resistivities below around 2000 Ω.cm do not ionise sufficiently to result in fully
amorphised fission tracks, as the energy loss for fission products of energy around
100 MeV is slightly under the 2 keVÅ-1 requirement for creation of continuous
tracks.26,380,467,469 However, due to the statistically varying ionisation energy loss per
unit length, the actual energy loss fluctuates by ±75%.26,330,467,470 As a result of the
combination of these effects, the damage tracks formed are short columnar defects,
broken columns, and “string-of-beads” type defects.23,463,464,467 In YBCO, the effective track length is 2-12 µm, with the majority of columnar damage occurring in the
initial 2-4 µm.23,26,460,464 After the fission products have travelled this distance, they
have lost sufficient energy to cause significant columnar damage.23,26,460 At low energies, such as towards the end of the “track”, damage induced is as a result of the
approximately 5% of fission energy that transfers by way of direct atomic colli-
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sions.471 Nonetheless, the damage as a result of a fission event will be strongly localised to within 10 µm or so of the uranium atom, and will be significantly larger than
the damage resultant from lower energy irradiation, such as electron or fast neutron.14,26

Figure 2-9 Fission tracks as observed by TEM in uranium doped YBCO. The central
dark area is a roughly sphereical (U 0.6 Pt 0.4 )YBa 2 O 6 particle of approximately 300 nm
diameter. Most fission tracks emanate from this particle.23

Eisterer et al. calculated that with the energy and atomic mass of typical uranium fission products, in YBCO tracks would be predominantly fully columnar at distances of 2-5 µm.25 These columnar tracks should be some 10 nm in diameter.25 At
distances up to around 10 µm, they determined that the ionic interactions would be
sufficient to generate atomic collision cascades of roughly spherical morphology and
approximate size 6 nm.25 Calculations taking into account flux line interactions determined that the “effective” size of defects induced by the U/n method was some 10
- 20 nm, as only a small portion of the length of a flux line would fully align with
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any given defect track.25 Weinstein et al. observed tracks in YBCO using TEM to be
approximately 5 nm in diameter.464
Luborsky et al. doped a variety of HTS with UO 2 and irradiated them with
thermal neutrons.472 Polycrystalline YBCO bulk samples were doped with 0.08 wt%
natural UO 2 (150 ppm), while 0.4 µm thick YBCO epitaxial thin films were covered
with a 60 µm thick foil of natural uranium metal during irradiation.472 For the bulk
Y-123 material, Luborsky et al. obtained similar results to Fleischer et al., with substantial improvements of 2-6 fold in ∆M at primarily intermediate temperatures, and
a large improvement of around an order of magnitude in the field dependence of ∆M
at all measured fields.472 They found no change in T c , but a decrease in overall
transport J c .472 This latter effect was attributed to irradiation induced damage to
weak link grain boundaries.472 Results for the Y-123 thin films showed negligible
change in physical performance after irradiation, which could be due to the lower
fission fragment dose, or to the already high density of existing defects in the thin
films.472 Interestingly, the pinning energy for flux creep in both the polycrystalline
material and the thin film was increased by a factor of two to three.472,473
Weinstein et al., Ren et al., Sawh et al., and Eisterer et al., after optimising the
chemical interaction between Y-123 and UO 4 .2H 2 O (see §2.9),37,460,474,475 doped
melt textured Y-123 with
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U and irradiated the material.23,25,330,460,463,465,467 Under

trapped field, J c increases after irradiation were up to 5 fold, depending on the uranium doping level and fluence employed, as shown in Figure 2-10.23,460,463,465,467 The
J c performance of the irradiated doped material was higher at all fields and temperatures, but the enhancement varied with these parameters as shown in Figure
2-11.23,467 For example, at 77 K and 0.25 T, J c increased 30 times.23,26 With increas83

ing temperature, J c of U/n YBCO samples falls off linearly, as compared to the more
rapid quadratic fall off of proton irradiated YBCO.460,476,477 Additionally, J c anisotropy (

J c ( H Pab)
) is reduced from ~3 to ~2 as a result of doping and irradiaJ c ( H Pc)

tion.330,467 In preliminary work applying the U/n method to Nd-123, improvements in
trapped field of around four fold were observed, similar to enhancements found in Y123.330

Figure 2-10 Trapped field measurements of neutron irradiated Y-123 doped with uranium. Curves show the enhancement ratio of trapped field (directly proportional to J c )
for a range of neutron fluences and a number of uranium doping levels. For comparison, a curve showing the enhancement provided by ion irradiation with xenon ions in
a parallel configuration is also shown.23
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Figure 2-11 Variation of J c with magnetic field for uranium doped YBCO both before
and after irradiation, at temperatures of 30 K, 50 K, and 77 K.23

For the U/n method developed for Y-123, at the optimum fluence level used,
the creep rate increased by around 20% (from 5% to 6% decrease per decade of
time), and T c decreased from around 92 K to 91 K.23,25,463,465 Based on trapped field
measurements, the irreversibility point also appeared to have increased as a result of
the irradiation,463 although subsequent measurements indicated that there was little
change in the irreversibility line.26 The effects on the irreversibility line will depend
on the spacing between uranium deposits, and the number of fission incidents at each
deposit.26 These factors vary the spacing between fission induced defects, and the
angle between fission induced defects, and with variation of these parameters increases in the irreversibility line could be achieved.26
Luborsky et al. also doped Bi-2212 and Bi-2223 powders with natural uranium
in the form of UO 2 up to 0.8 wt%.472 After thermal neutron irradiation, ∆M increased
with increasing UO 2 content, reaching a saturation point somewhere between 0.4-0.8
wt% UO 2 .472 Interestingly, this saturation point is approximately the same as the
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UO 2 content independent point for decrease of apparent superconducting volume
fraction, indicating that 0.3 - 0.4 wt% UO 2 is the point at which either the solid solubility of UO 2 in Bi-2223 is exceeded, or the point at which all of the Bi-2223 grains
are coated in UO 2 (see §2.9).478 Significant improvements of up to 13 fold for the
Bi-2212 (at 0.2 T and 50 K), and 70 fold for the Bi-2223 (at 0.8 T and 50 K) were
recorded for ∆M.472 The impressive results with Bi-2223 were attributed to the largely poor inherent pinning in undoped and unirradiated Bi-2223 material.472
Hart et al. further investigated thermal neutron irradiated 0.8 wt% natural UO 2
doped powdered Bi-2223.347 They found that after irradiation T c decreased from
107.5 K to 105.5 K, but thermally activated flux creep was greatly reduced as a result of significant increases (some two to three fold) in pinning energy.347 Additionally, the irreversibility line was found to increase as a result of irradiation, as shown
in Figure 2-1.347 Luborsky et al. expanded the work of Hart et al. by varying the uranium additions, and found that the improvements scaled with the doping level, with
no change due to uranium doping alone.478 However, the dramatic improvements in
physical performance (J c , ∆M, flux pinning) found by Luborsky et al. and Hart et al.
were largely lost at temperatures higher than 60 K, with enhancements being less
than two fold.347
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Figure 2-12 Irreversibility line for 0.8 wt% natural UO 2 doped Bi-2223 powders before and after irradiation with thermal neutrons. The data are the fields and temperatures above which there is no observable magnetic hysteresis.347

Schulz et al. doped Bi-2223/Ag composite tapes with 0.3 wt% UO 4 .2H 2 O and
irradiated the tapes with thermal neutrons.27 As a result of neutron adsorption by
109

Ag, which composes around 48% of natural silver and has a large neutron capture

cross section of 91 barns, a radioactive

110m

Ag isotope is produced.479,480 This leads

to a residual radioactivity at one month after irradiation of 12 MBq.g-1.27 In spite of
the large residual radioactivity of the material, significant physical gains were made
as a result of application of the U/n method to Bi-2223/Ag. T c was only reduced by 1
K, and normal state resistivity increased by 5%.27Transport J c measurements indicated limited changes in performance as a result of irradiation at low fields (< 0.7 T),
but considerable enhancement at higher fields, such as an order of magnitude increase in J c at 3 T.27 An upward shift of the irreversibility lines at 77 K is also observed, with a doubling of the magnetic field, contrary to YBCO results.26,27 Additionally, as shown in Figure 2-13, for fields less than the irreversibility field, a dramatic reduction in angular anisotropy of J c (J c with H Pc as compared to J c with
H P(a, b) ) was observed, with anisotropy decreasing from 12 to 1.6.27 The results
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are impressive, with significantly greater gains than point defect inducing irradiation
methods such as fast neutron irradiation, and similar results to much more expensive
ultra-high energy proton irradiation techniques.27 The authors make special note that
the large residual radioactivity could be reduced with better optimisation of the doping level and thermal neutron fluence.27

Figure 2-13 Angular dependence of J c at 77 K and 500 mT. φ=0o refers to H P(a, b) ,
and φ=90o refers to H Pc .

Weinstein et al. continued the work of Schulz et al., doped Bi-2223/Ag tapes
with highly enriched uranium, and exposed the doped tapes to thermal neutrons.464
The premise behind employing highly enriched uranium of 98%

235

U purity was to

reduce the necessary irradiation fluence and time, and hence reduce the residual radioactivity of the final material.464 Bi-2223/Ag tapes doped with 0.3 wt% uranium
had a residual radioactivity after eight months of 34 Mbq.g-1.464 Doping with 0.15
wt% of highly enriched uranium allowed this residual level after eight months to be
reduced to 2 MBq.g-1.464,466 Results obtained were superior, but comparable to those
of Schulz et al., with reductions in zero field J c only for high irradiation levels.464
Large enhancements of J c such as a 76 fold increase at 0.8 T with H Pc , an upward
shift of the position of the irreversibility line by 1.9 times for H Pc and 2.7 times for

88

H P(a, b) , and a reduction in J c angular anisotropy of two orders of magnitude were
observed.330,464
Tönies et al. continued the work of Schulz et al. and Weinstein et al. and irradiated Bi-2223/Ag tapes doped with UO 4 .2H 2 O at levels of 0.15 wt%, 0.4 wt%, and
0.6 wt% uranium.29 Low fluence irradiations in primarily thermal neutrons allowed
the residual radioactivity for the 0.15 wt% doped material to be limited to 300 kBq.g1

after one week, compared to 2 MBq.g-1 after eight months for previously irradiated

0.15 wt% doped material.29,464 Large enhancements of J c under applied magnetic
field were observed, such as a 60 fold enhancement at 0.7 T for H Pc .29 Reductions
in J c anisotropy similar to those observed by Schulz et al. were found, with the magnitude of anisotropy reduction exceeding an order of magnitude at 77 K and 0.5 T.29
Confirming the results of Schulz et al. and Weinstein et al., Tönies et al. also found
a large increase in the irreversibility line at all temperatures and in both H Pc and
H P(a, b) orientations.29 This significant result, in which the irreversibility field is
more than doubled, is reproduced in Figure 2-14.29 A small reduction in T c of around
0.5 K was found for all doping levels.29

Figure 2-14 Irreversibility lines for unirradiated and irradiated 0.15 wt% uranium (as
UO 4 .2H 2 O) doped Bi-2223/Ag composite tapes in both H Pc and H P(a, b) orientations.29
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Prior to irradiation there was no distinguishable difference between the intergrain J c and the intragrain J c of the material, and irradiation did not change this relationship, indicating no worsening of weak links as a result of irradiation.29 This result was promising, as the high field improvements due to irradiation are able to be
achieved without the often experienced low field reductions in performance due to
weak link induced radiation damage.29 The authors make particular note that residual
radiation could be reduced even further if additional uranium could be incorporated
into the material.29
Tönies et al. continued their work and synthesised Bi-2223/Ag tapes with up to
1 wt% 96%

235

UO 4 .2H 2 O and irradiated them under low primarily thermal neutron

fluences.329,481 This allowed the residual radioactivity to be reduced to 30 µSv.h-1
after one week.481 Additionally, using low neutron fluences also avoided damage to
weak links and associated loss of critical current at low fields, which was verified by
SQUID measurements, which found intergrain and intragrain critical currents to be
the same for low doped samples.481,482 In addition, employing low neutron fluences
avoids concerns of reduction in T c and H irr .466 Samples with higher uranium doping
levels showed a reduction in intergrain critical currents after irradiation, which accounts for their lower performance in low fields, even after irradiation with lower
neutron fluences to induce the same level of defect density.482 Undoped samples
showed no neutron induced variations of physical properties, while doped samples
exhibited much higher J c values, particularly at high fields where J c increased two
orders of magnitude.329,481 Additionally, irradiated doped samples exhibited an order
of magnitude reduced J c anisotropy, and a doubling of the irreversibility
field.329,481,482 Intragrain J c values of 3.8 x 1010 A.m-2 became 9.7 x 1010 A.m-2 after
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doping and irradiation.481 Irradiation slightly reduced T c , with a reduction of 2 K for
the highest fluence level employed.329
Interestingly, the sample with the best low field performance after neutron
dose optimisation was doped with only 0.15 wt%

235

UO 4 .2H 2 O, and the best high

field performance was exhibited by the intermediately doped 0.4 wt% sample.481,482
This was contrary to the authors’ expectations, and while the possible explanation of
uranium segregation was offered, this unexpected result indicates a materials structure related issue such as inhomogenous uranium dispersion or phase equilibrium
disruption as a result of higher doping levels.482
Tönies et al. employed the U/n method on Tl-1223 thick films, doping with
0.15 wt% of 96% enriched 235U.483 J c enhancements of 3-5 at high fields of around 4
T were found after irradiation, and low field enhancements of 40% were observed,
contrary to Bi-2223.483 Anisotropy of J c was reduced at low field, but increased at
high fields.483 These results are attributed to the bilayer structure of the Tl-1223 material, which contains a single crystalline portion and a granular portion, each of
which carries the bulk of the current at different fields.483 T c reductions of around
0.5 K, and minor increases in the irreversibility field of 7-33% were also observed.483
Knowing the results of Schulz et al., Weinstein et al., and Tönies et al., Marinaro et al. doped Bi-2223/Ag composite tapes with 0.15 to 2 wt% 235UO 4 .2H 2 O and
irradiated the material with a wide range of highly moderated thermal neutrons.436,484
The aim of the experiments was to minimise the neutron fluence by maximising
235

UO 4 .2H 2 O content and optimising neutron fluence levels for maximum gain, and

to investigate changes in flux pinning strength as a result of the U/n method.436,484
Dou and co-workers observed the fission induced defects by TEM and found them to
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be approximately 5 nm in diameter, and a few µm in length.130 A slight reduction in
T c of 1 K was found, but a 46 fold reduction in J c anisotropy occured.436,484 An increase in the effective pinning energy, U eff , of 50% at high currents, and 100 - 200%
at low currents, was found after irradiation, and the flux dynamics (hopping distance
and attempt frequency) were determined to have changed.436,484,485 J c improvements
were considerable, for example, a 500 fold increase at 5 T for H Pc in the 0.6 wt%
doped sample.436 However, even with substantial J c losses due to high doping levels
of 2 wt%

235

UO 4 .2H 2 O, similar final (post irradiation) performance to 0.15 wt%

doped Bi-2223/Ag was achieved with a six fold reduction in irradiation levels required.436
Shan et al. undertook study of the vortex phase in Bi-2223/Ag with isotropic
defects introduced by the U/n method.486They observed no variable-range vortex
hopping, implying a high level of entanglement of vortices by the splayed defects.486
Additionally, they found that isotropic crossed defects enhance the coherence of vortex lines on a small scale, but destroy the coherence of vortex lines on a larger
scale.486 This phenomenon occurs as a result of vortex “segments” being pinned on
favourably oriented fission tracks, which happen to align for a short length (greater
than a single pancake vortex in size), but which rarely align for the entire dimension
of the vortex line.486 Marinaro et al. corroborated these findings and determined the
field dependent crossover from a 3D elastic creep regime to 2D plastic creep increased from µ0 H cr ≈ 0.37 T to µ0 H cr ≈ 0.65 T as a result of introduction of isotropic quasicolumnar defects in Bi-2223/Ag by the U/n method.485 This increase was
related to enhancement of c-axis vortex correlation.485
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Marinaro et al. discussed the relative merits of different doping and irradiation
schedules.436 They conclude that at the time of writing, a moderately doped (eg 0.3
or 0.6 wt%) material with a moderate irradiation fluence was optimum if performance over a wide range of fields was desirable, but that a high level of residual radioactivity would result.436 However, if high flux pinning was desired, then a high
doping level with minor irradiation was the best choice, and resulted in minimal residual radioactivity of the material, but at the expense of low field performance.436
Particular mention is made to the possibility that if high levels of uranium could be
incorporated into the material without significant degradation of the low field performance, then high doping levels and low irradiation levels would be optimum for
all situations and requirements.436
Babić et al. carried out a systematic study of the influence of uranium doping
level and neutron irradiation fluence on various physical properties of Bi2223/Ag.461 They found that B irr and B* (the field of maximum pinning force, F p max
= J c B*) increased linearly with fission track density, indicating that pinning capacity
was directly related to the number of defects present.461 A competing effect, however, was the reduction of J c with increasing uranium doping level.461 Similarly, a
weak dependence of B* on neutron fluence was ascribed to nonuniform distribution
of uranium within the Bi-2223.461 Additionally, some evidence of enhanced flux
creep as a result of the presence of fission defects was found.461 This observation,
which is contrary to theoretical predictions, was attributed to randomness in the distances between nearest fission tracks and in their orientations.461 However, B irr results were extremely promising, with 4 fold increases for some combinations of uranium doping level and neutron fluence over an extended temperature range.461 With
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their results, Babić et al. were able to formulate and solve an equation taking into
consideration J c variation with fission defect densities as a result of uranium doping
and thermal neutron irradiation, and to determine an optimum combination of doping
and fluence for a theoretical maximum performance increase.461 It was proposed that
if uranium doping levels could be increased without commensurate losses in J c , then
performance of Bi-2223/Ag materials could exceed even sophisticated U/n processed
YBCO material.461

2.9 URANIUM-BI-2223 CHEMISTRY
HTS are relatively chemically complex materials, and introducing an additional element will have effects on the chemistry, equilibrium phase composition, phase
formation, microstructure, and morphology of the material.31-34 Such effects have
been observed by Fleischer et al. in YBCO doped with uranium oxide, in which the
uranium segregated into discreet uranium containing phases rich in copper and barium or yttrium and barium.14 Interestingly, in their work, Fleischer et al. found their
physical results to be clouded by material interaction issues relating to either solubility limits of uranium in YBCO or to neutron fluence degradation of structure.14
Further investigations by Fleischer using a nuclear track method confirmed that the
distribution of uranium was homogenous, and that uranium was predominantly present in major phases, with no segregation to grain boundaries, and only limited
amounts in minor, uranium rich, phases.446 O’Bryan et al. also doped YBCO with
uranium in an attempt to introduce chemical pinning centres, but found that the doping degraded J c and also resulted in worse magnetisation differences.487
Work by Weinstein et al., Ren et al., and Sawh et al. on UO 4 .2H 2 O doped
melt textured YBCO, however, provides not only hope that detrimental interactions
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between uranium and HTS can be limited or avoided, but also promises that performance can actually be enhanced.23,26,37,460,474,475 Additions of uranium actually increased J c by around 65% (trapped field) or 90% (constant field) at doping levels of
0.8 wt% uranium, had no harmful effect on T c , and did not alter creep
rates.23,26,37,460,474,475 Among chemical doping J c enhancements of Y-123, this uranium doped material shows the highest improvement.26,476,477,488 At least 0.8 wt% uranium could be added to the YBCO before adverse effects on the microstructure, T c ,
and J c were observed;26,463 1 wt% uranium additions resulted in a loss of the single
crystal structure of the melt textured YBCO.475
In the above mentioned works, UO 4 .2H 2 O and platinum were added to the initial powders, and subsequently formed (U 0.6 Pt 0.4 )YBa 2 O 6 , or when the platinum was
exhausted, a compound of nominal composition (U 0.4 Y 0.6 )BaO 3 , both of which are
chemically compatible with the Y-123 matrix.26,37,460,474,475 No uranium entered the
Y-123 matrix.23,26,37,460,474,475 The uranium containing particles were approximately
300 nm or less in diameter, spherical in shape, and were well distributed, with a separation of 2 - 20 µm depending on doping level of uranium.23,26,37,460,463,474,475 Interestingly, copper appears to act as a catalyst for the formation of (U 0.6 Pt 0.4 )YBa 2 O 6 ,
as synthesis of the compound external to the Y-123 matrix was only effective if carried out on CuO or copper foil.475 No attempt was made to optimise the thermal conditions under which texturing was carried out, and it is likely that some improvement
could be made in this area.475 Shikov et al. have likewise successfully employed uranium doping of YBCO to chemically improve performance by a factor of two as a
result of the introduction of ultra-fine precipitates.34
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Weinstein et al. and collaborators applied the U/n method to Sm-123 and Nd123 HTS.330 Uranium doping of Sm-123 was almost identical to uranium doping of
Y-123, with small deposits of (U 0.6 Pt 0.4 )SmBa 2 O 6 forming in an analogous manner
to uranium doping of Y-123.330 Uranium doping of Nd-123, however, resulted in the
formation of relatively few, excessively large, widely spaced, deposits of Ba 3 UO 7 .330
(U 0.6 Pt 0.4 )NdBa 2 O 6 was synthesised externally to the Nd-123 system and introduced, and resulted in (U 0.6 Pt 0.4 )NdBa 2 O 6 deposits of around 1.5 µm in size, which
is considerably larger than the size of (U 0.6 Pt 0.4 )YBa 2 O 6 particles in Y-123.330
In the experiments of Luborsky et al. in which they doped Bi-2212 and Bi2223 powders with natural uranium in the form of UO 2 up to 0.8 wt%, little interaction of the UO 2 and Bi-2223 matrix was observed.472 Additionally, as far as their
materialographic and XRD investigations were able to discern, there was also no
solubility of UO 2 in the Bi-2223 matrix.472 However, their magnetic hysteresis results show too large a decrease to be accounted for by dilution due to additional noninteracting phases alone, indicating that some level of interaction occurred.472 Additionally, as discussed above (§2.8) both the magnetic hysteresis and apparent superconducting volume became independent of the UO 2 addition at around 0.4 wt%
UO 2 .

472,478

This indicates that a change in interaction or morphology may occur at

this level of UO 2 addition, perhaps a saturation of solid solubility, or perhaps a complete coating of the grains by a UO 2 phase.478 Nuclear track investigations by
Fleischer were unable to clarify the situation any further because the Bi-2223 grains
were sufficiently thin (~1-2 µm) so that if uranium were coating the grain boundaries, the nuclear track method would show the same results as if the uranium was
homogenously distributed throughout the grains themselves.446
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Schulz et al., in their work involving doping of Bi-2223/Ag composite tapes
with 0.3 wt% UO 4 .2H 2 O found no readily identifiable uranium containing phase
with either XRD or EDS analysis.27 They concluded that the uranium was uniformly
dispersed throughout the Bi-2223 matrix, but did not ascertain whether the dispersal
was related to specific crystallographic arrangements.27 Figure 2-13, however, shows
that the addition of 0.3 wt% uranium reduced the J c of the material by around 50%,
indicating that a significant disruption of the Bi-2223 matrix had occurred.27 SEM
and TEM studies by Weinstein and Gandini et al. on 0.3 wt%
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U doped Bi-

2223/Ag tapes found no uranium containing deposits, and a generally diffuse level of
uranium throughout the material.330,464,466 They concluded that uranium was in deposits of a size less than 2 nm.330,464,466
Guo et al. doped Bi-2223/Ag composite tapes with UO 4 .2H 2 O and found a
slight increase in T c of 1 K for a doping level of 0.6 wt%, and commensurately less
for lower doping levels.30 Additionally, the superconducting transition width was
increasingly narrowed with higher UO 4 .2H 2 O doping levels, indicating a beneficial
effect on grain connectivity.30 Tönies et al., however, found that doping with
UO 4 .2H 2 O at 0.4 wt% and 0.6 wt% reduced T c by 2 K.29 After optimising thermal
treatment to account for variations in phase formation as a result of introducing the
uranium oxide, Guo et al. determined the final Bi-2223 phase proportion from XRD
spectra.30 Relatively little variation in the phase assemblage was observed.30 J c ,
however, was reduced as a result of the uranium doping, with a reduction of around
2% per 0.1 wt% of uranium addition.30
In their experiments involving doping Bi-2223/Ag tape with 96%
235

UO 4 .2H 2 O up to 1 wt%, Tönies et al. found reductions in J c varying from negli-
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gible to 8 fold, depending on the applied magnetic field and doping level.329,481,482
Marinaro et al., in their experiments involving doping levels of up to 2 wt%, found
similar reductions, with 30% to 60% loss of J c in doped samples, depending on doping level.436 However, Tönies et al. found no effect on transition temperature or
width and no change in the irreversibility line as a result of uranium doping.481,482
These results indicate that uranium does not occupy a position within the crystal
structure of the Bi-2223.482 After low levels of irradiation, however, it was found
that, contrary to initial expectations, the greatest enhancement was observed in the
lowest doped sample (0.15 wt%).481 At higher levels of irradiation, an intermediately
doped sample (0.4 wt%) had the highest performance.482 These unexpected results
indicate that there is likely a structural or materials related problem with doping Bi2223/Ag to levels higher than 0.15 wt% UO 4 .2H 2 O; perhaps a segregation of uranium containing phases, or a disruption of phase equilibrium.482 However, TEM observations of the Bi-2223 grain boundaries showed no indication of impurity phases.482
In their systematic study of uranium doping and neutron irradiation of Bi2223/Ag tapes, Babić et al. concluded that of J c consistently decreased with increasing uranium doping level.461 Similarly, a weak dependence of B* (the field at which
volume pinning force becomes maximum) on neutron fluence was ascribed to nonuniform distribution of uranium within the Bi-2223.461
While not Bi-2223, the work of Eder and Gritzner on
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U doping of a similar

HTS, Tl-1223, sheds some light on what may occur upon closer investigation of uranium doping of Bi-2223.489 Eder and Gritzner doped Tl-1223 with 0.1, 0.3, 0.6, 1.1,
2.2, and 5.4 wt% of depleted uranium.489 While at the lower doping levels of 0.1,
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0.3, 0.6, and 1.1 wt% Tl-1223 formed relatively normally, at the higher doping levels
of 2.2 and 5.4 wt% formation of the desirable Tl-1223 phase was hindered by the
presence of uranium, and significant quantities of Tl-1212 were formed.489 Microstructurally, at higher doping levels, spherical Tl-1212 and prismatic Ca 2 PbO 4 disrupted the layered structure of platelike Tl-1223 grains.489 Their XRD and EDS results indicated that uranium was incorporated into the HTS crystal lattice, but that
doping above 5.4 wt% resulted in no HTS formation.489 Determination of the lattice
parameters led to the conclusion that U6+ replaced the alkaline earth elements.489 At
doping levels above 2.2 wt%, an unknown uranium containing phase with nominal
composition UCaSrBaO x was observed.489
Relatively few uranium containing oxide compounds of the elements lead,
bismuth, strontium, calcium, and copper are known, and none of them contain more
than one of the elements present in Bi-2223. Table 2-1 lists known uranium containing oxide compounds in the U-Pb-Bi-Sr-Ca-Cu-O system, which were preominantly
discovered during research into the interactions of nuclear fuel rods and uranium fission products. It is not necessarily expected that these compounds will occur under
equilibrium conditions in the U-Pb-Bi-Sr-Ca-Cu-O system. Similarly, it is not expected that these compounds will necessarily be chemically compatible with the UPb-Bi-Sr-Ca-Cu-O system. However, the studies carried out in relation to these
compounds provide a starting point for identification of observed compounds, the
conception of potentially stable compounds, and the processing required for synthesis of U-(Pb, Bi, Sr, Ca, Cu)-O compounds.
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Table 2-4 Known existing uranium containing oxide compounds in the U-Pb-Bi-SrCa-Cu-O system.

Compound
Bi 2 UO 6
Ca 2.67 U 1.33 O 5.83
Ca 2 U 2 O 7
Ca 2 U 3 O 11
Ca 2 UO 4-x (x = 0 - 1)
Ca 2 UO 5-x (x = 0 - 1)
Ca 3 U 5 O 16.2
Ca 3 UO 6
CaU 2 O 7
CaU 5 O 15.4
CaUO 3
CaUO 4
Ca y U 1-y O 2+x
CuU 3 O 10
CuUO 4

Pb 2.5 U 2 O 7.5
Pb 2 U 2 O 7
Pb 3 U 11 O 36
Pb 3 UO 6
PbUO 4
Sr 2 U 3 O 10
Sr 2 U 3 O 11
Sr 2 U 3 O 12
Sr 2 U 3 O 9
Sr 2 UO 4.5
Sr 2 UO 5
Sr 3 U 11 O 36
Sr 3 U 2 O 9
Sr 3 UO 5
Sr 3 UO 6
Sr 5 U 3 O 14

Author(s)
Gurumurphy C.490
Holc J. & Lolar J.491
Bobo492
van Vlaanderen P.493
Alberman, et al.,494 Leroy,495 Loopstra B.
O. & Rietveld H. M.496
Sawyer J.,497 Loopstra B. O. & Rietveld
H. M.,496 Holc J. & Lolar J.491
Brisi C. & Appendino498
Rietveld,499 Loopstra B. O. & Rietveld H.
M.496
Mrose,500 Jakes, Moravec, Krivy, & Sedlakova501
Brisi C. & Appendino498
Bobo492
van Vlaanderen P.493
Yamashita T. & Fujino T.,502 Hinatsu Y.
& Fujino T.503,504
Gill & Marshall,505,506 Brisi C.,507
Mansour N. A. L.,508 Serezhkin, V.509
Weigel & Neufeldt,510 Brisi C.,507 Siegel
S. & Hoekstra R. H.511,512 Mansour N. A.
L.508
Kemmler-Sack & Rudorff513
Polunina G., Kovba L., & Ippolitova E.514
Polunina G., Kovba L., & Ippolitova E.514
Sterns515,516
Frondel & Barnes517,518
Bera S. et al.,519 Sali S. K., Sampath S., &
Venugopal V.520
Cordfunke E. H. P., et al.521
Pillai & Mathews522
Bera S. et al.,519 Sali S. K., Sampath S., &
Venugopal V.520
Cordfunke E. H. P. & Ijdo D. J. W.523
Sawyer J.,497,524 Loopstra B. O. &
Rietveld H. M.496
Cordfunke E. H. P., et al.521
Brisi C., et al.525
Pialoux A. & Touzelin B.526
Rietveld,499 Loopstra B. O. & Rietveld H.
M.,496 Ijdo D. J. W.527
Sterns M. et al.,528 Cordfunke E. H. P.,
Huntelaar M. E., & Ijdo D. J. W.529

Year(s)
1974
1983
1964
1993
1951, 1967
1963, 1967, 1983
1969
1966, 1967
1953, 1966
1969
1964
1993
1985, 1988, 1989
1959,
1961,
1963, 1979, 1981
1961,
1963,
1968, 1972, 1979
1966
1973
1973
1967, 1970
1958
1998, 2000
1991
1986
1998, 2000
1994
1963,
1967,
1969, 1972
1991
1971
1999
1966, 1967, 1993
1996, 1999
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SrU 3 O 11
SrU 4 O 13
SrUO 4-x (x = 0 - 1)

Sr y U 1-y O 2+x

Cordfunke & Loopstra530
Cordfunke & Loopstra,530 Pillai &
Mathews522
Zachariasen H. W.,531 Brisi C.,532 Klima,
Jakes, & Moravec,533 Loopstra B. O. &
Rietveld H. M.,496 Sawyer,524 Tagawa H.,
Fujino T. et al.,534 Fujino, Yamashita, &
Tagawa,535
Fujino, Yamashita, & Tagawa,535 Fujino
T et al.536

1967
1967, 1986
1948,
1961,
1966,
1967,
1972, 1977, 1988

1988, 1991

CuUO 4 can be formed by dissolving CuO and U 3 O 8 in concentrated nitric acid, evaporating to dryness, and heating in air at 600 oC for 6 hours.510 In the Cu-U-O
system, CuU 3 O 10 exists over a wide composition range, indicating potential chemical stability, and U 3 O 8 is able to accommodate copper oxides in solid solution.508
CaUO 4 can be created by mixing CaCO 3 and U 3 O 8 , heating in air at 1000 oC,
and repeating the process three times, with the final heating step being at 800 oC.502
This higher temperature phase may be more appealing than the CuO 4 phase, as processing of Bi-2223 typically occurs at around 800-900 oC, and so higher temperature
compound stability is desirable.
The stability of Sr-O-U compounds increases with increasing strontium content, and many are stable up to over 1100 oC, making them ideal candidates for testing for Bi-2223 compatibility.522,535 However, some will react at lower temperatures,
as it is possible to form SrUO 4 from SrCO 3 and UO 2 at 900 oC,535 and the SrUO 4-x
(x = 0 - 1) series of compounds can readily change oxidation states and even crystallographic phases at room temperature in air.520,526 The Sr 2 U 3 O x (x = 9, 10, 11, 12)
series of compounds also appear to relatively easily change their uranium valance
state by either reducing or oxidising, depending on the atmosphere, at temperatures
as low as 300 oC, and as such may be unsuitable for doping into Bi-2223 due to sta-
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bility problems.519,520 Sr y U 1-y O 2+x would appear to be a poor choice, as synthesis is
difficult, requiring precise control over reaction conditions.536 The Sr 3 UO 6 compound, however, is stable up to 1100 oC under widely oxidising atmospheres, such as
those used for synthesis of Bi-2223, but will become Sr 3 UO 5 under reducing atmospheres at any temperature.526 Sr 3 U 11 O 36 , however, does not decompose until 1130
o

C.496 Sr 5 U 3 O 14 , stable up to temperatures of 1300 oC, is unattractive as formation

requires more than a month of sintering, and the compound still forms with considerable impurity phases, due to a tiny equilibrium phase formation region.529
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3

OBJECTIVES
The objectives of this project were to:537



clarify the chemistry between uranium and Bi-2223;



determine the best uranium compound for doping purposes;



establish the appropriate processing conditions required;



increase the uranium doping level.
As an initial step, reactive uranyl nitrate hexa hydrate (UO 2 (NO 3 ) 2 .6H 2 O) was

admixed with Bi-2223 precursor powder (§4.3.1). The doped Bi-2223 precursor was
then sintered under typical conditions. Uranium compounds thus formed were analysed with energy dispersive X-ray spectroscopy (EDS) (§5.2) to discover the range
and expected form of compositions of uranium containing compounds and phases
within Bi-2223. Several of the compounds thus identified were then selected and
synthesised external to the Bi-2223 system (§4.2). These compounds were then used
as dopants in Bi-2223/Ag composite tapes (§4.3.2). Expected variations to thermal
processing parameters were initially estimated using differential thermal analysis
(DTA) and thermal gravimetry (TG) (§5.1). Based on these results, a systematic investigation of the influence of different uranium dopants on the thermal processing
required to optimise superconducting performance in the Bi-2223/Ag tapes was then
conducted. This optimisation process primarily analysed how performance varied
with sintering temperature (§0).
Fission fragment penetration is in the order of 10-20 µm through an oxide superconductor matrix.460 Compared to the expected tape core dimensions of 60 µm ×
2 mm × many meters, the average size of fission induced defects is quite small.
Therefore, adequate dispersion of uranium containing dopants is a requirement of the
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U/n method.460 Additionally, the particle size of dopants can affect grain connectivity in Bi-2223/Ag by potentially introducing weak links. In order to study such effects, an additional series of tapes were produced that were treated in the same manner as previous tapes, except that they underwent double the mixing (§10). The effect of dopants on the electrical properties of the Bi-2223/Ag tapes was determined
primarily by transport J c measurements (§9.2.2). These measurements were also carried out under an externally applied magnetic field in order to ascertain the influence
of doping on the typical reduction with magnetic field of Bi-2223/Ag tape superconducting properties (§9.4).
The variations in superconducting performance were then correlated with the
phase and microstructural changes that accompanied the doping. X-ray diffraction
(XRD) was used to analyse the proportions of constituent phases within the doped
Bi-2223 (§7). Knowledge of the changes in proportions of BSCCO phases allowed
an understanding of the way in which uranium compound doping influenced the
generation of desired phases during thermal treatment. The microstructure of the Bi2223 cores of doped tapes was analysed using Scanning Electron Microscopy (SEM)
(§8). Phase morphology, particle distribution, and even relative phase proportions
can be determined from such examination, and the effects of uranium compound
doping on the structure of the Bi-2223/Ag composite may be correlated with the observed changes in superconducting performance.
A significant amount of investigations undertaken involved EDS (§8). This
technique allows elemental identification of regions appearing under SEM observation. The bombardment of the sample region by incident electrons from the SEM
beam knocks electrons from their equilibrium positions around atoms present in the
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sample. As higher shell electrons fall into place to fill vacant positions, corresponding characteristic X-rays are emitted. By detecting these X-rays and correlating them
with the positions from which they were emitted from the sample, it is possible to
identify the elements present in any particular region, phase, or particle within the
sample. Elemental distribution maps may be built up of entire regions within the
sample, allowing ready determination of the dispersion, chemical affinity, and even
morphological preferences of uranium containing phases. Additionally, quantitative
analysis can be carried out to discover the elemental ratios of elements present with
uranium. In this way, the equilibrium uranium containing phases can be determined.
With knowledge of the structural reasons underlying the property changes observed with uranium doping of Bi-2223, it should be possible to better predict and
select appropriate dopants. Additionally, it should be possible to design more efficient thermomechanical processing schedules, as the causal reasons for the necessary
changes are better understood.
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4

EXPERIMENTAL METHODS

4.1 RADIATION SAFETY
This work involved handling uranium. All isotopes of uranium are radioactive
to some degree, and appropriate safeguards and precautions need to be taken when
dealing with such substances. Table 4-1 gives relevant nuclear data for the isotopes
of uranium used in this work. Actual mixtures of uranium employed were natural
(with relative proportions listed in Table 4-1). As all the isotopes used had the same
decay mode and similar energies, safety precautions employed were consistent
across all experiments.
Table 4-1 Nuclear data for naturally occurring uranium isotopes.479,538

Isotope

Half Life

Decay Mode

U-234

Atomic Mass Natural
(m a /u)
Abundance
(atomic %)
234.0409468
0.0055

2.455 x 105 y

U-235

235.0439242

0.7200

7.038 x 108 y

U-238

238.0507847

99.2745

4.468 x 109 y

α to 230Th (4.859 MeV)
SF (1.7 x 10-9 %)
α to 231Th (4.679 MeV)
SF (7.0 x 10-9 %)
α to 234Th (4.270 MeV)
SF (0.00005 %)

Note: SF = Spontaneous fission.

Radiation protection is a serious matter that is not to be taken lightly. Unfortunately, the human body has no sensory organ capable of detecting the presence of
radiation. Radiation protection requires a thorough understanding of the hazards as
well as careful experimental design in order to minimise risks. Vigilant work practices must be supplemented with regular and methodical monitoring to ensure exposure is limited.
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At their most basic, radiation protection schemes and procedures aim to:539


Prevent deterministic effects; and



Control stochastic effects to a level deemed acceptable by society.
The International Commission on Radiological Protection (ICRP) considers

the basic principles of radiation protection to be:540


Justification of a practice;



Optimisation of protection; and



Application of individual dose limits.
In keeping with the recommended guidelines, dose limits are prescribed that

eliminate deterministic effects, and reduce the level of occurrence of stochastic effects to be commensurate with the average risk of work related injury or illness in
the working population. Table 4-2 lists the dose limits set in legislation in New
South Wales (NSW).
Table 4-2 Dose limits for exposure to ionising radiation in NSW.541

Application

Dose Limit
Occupationally Exposed Person
Effective Dose
20 mSv per year averaged over 5
years
Equivalent Dose: Lens of 150 mSv in a year
Eye
Equivalent Dose: Skin
500 mSv in a year
Equivalent Dose: Hand 500 mSv in a year
and Feet

Dose Limit
Member of Public
1 mSv in a year
15 mSv in a year
50 mSv in a year
No Limit Specified

Even within such prescribed dose limits, it is a matter of good working practice
to follow the principle of ALARP (As Low As Reasonably Practicable).539 An Aus-
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tralian Standard has been drafted that deals specifically with ionising radiation in laboratories.542 The general principles of radiation control are to:


Limit exposure time; and



Maximise distance between sources and people; and



Use of suitable shielding.
However, if at all possible, it is far superior to eliminate the use of radioactive

materials altogether, as this obviates the need for any engineering, procedural, or
work practice controls to be implemented.543
The general principles of radiation control listed above relate primarily to external hazards.542 Such hazards arise when a source of radioactivity emits penetrating radiation that can affect a person from some distance away. An example is 32P, a
commonly used tracer isotope in biology, which emits a β particle with an energy of
1.71 MeV.539 Uranium is a very severe internal hazard, but a minor external hazard.542 It is an emitter of α particles, which have high energies (see Table 4-1), but
also extremely low penetrating capabilities.
An α particle will probably penetrate only a centimetre or two in air, and is
usually stopped by the layers of dead skin on the surface of a human body. Thus, it is
relatively harmless as an external source. However, due to its extremely high mass
(that of a helium nucleus, 4.00260324 m a /u), and in the case of uranium, high energy, it will interact with many atoms before it comes to a rest. Virtually all of its high
energy will be dissipated in atomic collisions within a very short distance, resulting
in a large ionised wake. Should α emitters such as uranium find their way inside the
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human body, the damage that they can do is extreme. α particles have a radiation
weighting factor of 20, which is the highest weighting factor assigned.544
Experimental procedures were designed with these considerations in mind.
Prior to commencement of any experiment, an experimental risk assessment was carried out. This procedure is in fact a requirement at the Institute for Superconducting
and Electronic Materials (ISEM) and must be carried out even before chemicals are
ordered or apparatus is booked. The risk assessment process ensures that all persons
involved in the experiment are aware of the hazards, dangers, and risks associated
with the research. The process involves detailed analysis of Materials Safety Data
Sheets (MSDSs), recognition of possible risks, and planning for necessary precautions and disposal mechanisms. Additionally, the risk analysis process highlights
possible dangers and risks during use of equipment, and establishes emergency action procedures in the case of an accident.
For all work involving radioisotopes, experimental dry runs were first conducted. This is a strong recommendation of the Australian Standard, and allows persons working with radioactive sources to become familiar and confident with procedures used prior to actually handling radioactive materials.542 Fully working through
an entire experimental procedure with non-radioactive materials ensures that when
radioactive materials are actually used, the process will be quick and efficient, and
have a minimum chance for mishaps. However, understandably, such dry run procedures can greatly elongate the time required for a single experiment to be conducted.
As a matter of course, and as recommended by the Standards, working practices were thorough and methodical, but also as speedy as practicable, in order to min-
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imise the potential for exposure.542 Work was carried out segregated from the work
of others, and employing the exposure limiting procedures of reduced time, maximum distance, and appropriate shielding.
Operations defined as “simple dry” have a multiplying factor of 0.01 according
to AS2243.4.542 As much of the work in this project involved finely divided powders
containing unsealed uranium, the limitations for allowable activities were reduced by
a factor of 100, and the requirements for safety precautions were significantly increased. With this consideration in mind, and knowing that uranium represents a serious internal exposure risk, the majority of safety procedures were designed to prevent inhalation or ingestion of experimental powders.
All powder grinding and tube filling operations were carried out in a fume
cupboard approved to AS 2243.8.545 To further minimise the risk of inhalation of
uranium, personal protective equipment (PPE) in the way of a particle filter breathing mask, appropriately certified to AS/NZS1716 was employed.546 As the eyes are a
serious potential entry point, especially for soluble compounds, safety glasses with
side shields were worn throughout materials handling. With the level of hazard involved, a laboratory lab coat and natural rubber latex gloves were worn at all times.
As standard laboratory safety requirements, long pants and fully enclosed ankle
length boots were also always worn.
Although uranium represents a minor external hazard, in order to reduce exposure to external radiation, the fume cupboard shutter was always lowered to the lowest practicable position for work to be carried out. This had the additional effect of
providing a barrier to the escape of airborne particles. At all times during weighing,
grinding, filling, transport, and at other stages, uranium and uranium containing
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samples were dealt with at full arms’ length, and were situated as far away from the
body as possible.
When not in use, uranium and uranium containing samples were stored in a
specially designated radioisotopes storage cabinet.542 This cabinet is kept locked at
all times, and is only accessible to authorised persons.542 As per requirements, the
Dose Rate of radiation released by the cabinet was kept well below 200 µSvh-1.542 In
fact, the Dose Rate released by the cabinet was kept below the limit for nonoccupationally exposed persons, 20 µSvh-1.542
A second potential source of radiation exposure during this work was from
high intensity XRD apparatus. XRD was a commonly employed materials characterisation technique. XRD apparatus emits extremely intense beams of high energy Xrays, but fortunately, is usually designed with necessary shielding built in and multiple safety interlocks. The work only required analytical use of XRD apparatus, and
as such, procedures were followed to ensure shielding was always in place when the
beam was active. This prevented exposure to the primary X-ray beam and to scattered or leaked radiation. Additionally, XRD equipment is kept in a separate locked
room, and is only accessed for initial positioning of samples and retrieval of data.
In order to monitor radiation doses received, a personal dosimeter was worn
during work involving radioisotopes. Although the expected dose was almost negligible as the primary source of irradiation was an α particle emitter, it was thought
prudent to observe and record received doses.
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4.2 SYNTHESIS OF URANIUM COMPOUNDS
Initially, mixtures of U-Sr-Ca-Cu-O were produced in order to study the phases and compounds formed. Pb and Bi were not included in the study because they
were not present to a significant degree in the uranium doped Bi-2223 pellet (see
§5.2). Three mixtures were produced, each of which contained the most commonly
observed U:Sr:Ca ratio of 2:3:3, but which differed in their Cu ratio (0, 3, and 6).
Copper, as discussed below, was present to almost randomly varying degrees in the
U-containing phases observed in the uranium doped Bi-2223 pellet.
99+% Uranyl Nitrate Hexa Hydrate (UO 2 (NO 3 ) 2 .6H 2 O) from Merck, 99+%
Strontium Carbonate (SrCO 3 ) from Sigma-Aldrich, 99+% Calcium Carbonate
(CaCO 3 ) from Sigma-Aldrich, and 99+% Copper Oxide (CuO) from Sigma-Aldrich
were employed for the study. The carbonates were heated in air on pyrex glass for 48
hours at 140 oC to eliminate excess adsorbed moisture. Mixtures calculated to produce a final total weight of 1 g after gases (water, nitrates, carbonates) were driven
off were made up, and were ground by hand in an agate mortar and pestle in air for
20 minutes. Samples weighing approximately 0.5 g were pressed into columnar pellets of diameter 10 mm in a stainless steel press die at 13.8 GPa. The pellets were
sintered on alumina plates in air at 840 oC for 10 hours, then again at 840 oC for an
additional 10 hours. Another set of pellets pressed in the same manner was sintered
at 840 oC for 60 hours. All heat treatment work used furnace cooling (3-4 oC/min).
Such cooling is generally considered to be “slow” cooling.
After observation of uranium containing phases (§5.2) in the uranium doped
Bi-2223 pellet and in each batch of uranium compound doped tapes, various uranium
compounds were synthesised for doping of Bi-2223/Ag tapes. U 3 O 8 , UCa 2 O 5 ,
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UCaSrO 5 ,

and

UCa x Sr 3-x O 6

(x=0,1,1.5,2,3)

were

synthesised

using

UO 2 (NO 3 ) 2 .6H 2 O, Ca(NO 3 ) 2 .4H 2 O, and Sr(NO 3 ) 2 .547 Uranyl Nitrate Hexa Hydrate
was 99+% from Merck; Calcium Nitrate Tetra Hydrate was 99% from Aldrich; and
Strontium Nitrate was 99+% from Aldrich. Appropriate stoichiometric mixtures of
the precursor compounds were ground by hand in an agate mortar and pestle in air
for 5 minutes. The mixtures were then calcined on pyrex glass in air at 400 oC for 1
hour with a 0.83 o/min heating rate. The calcined materials were pressed into columnar pellets of diameter 10 mm in a stainless steel press die at 13.8 GPa. Pellets were
typically around 10 mm in height, although this height varied with the mass of the
batch of compound being produced. The pressed pellets were then sintered on alumina trays in air at 1250 oC for 24 hours with a 3.4 o/min heating rate. All heat
treatment work used “slow” furnace cooling (3-4 oC/min). The sintered compounds
were crushed and ground by hand in an agate mortar and pestle in air for 5 minutes.

4.3 URANIUM DOPING OF BI-2223
Bi-2223 precursor powder from Merck was used. This powder had the nominal
stoichiometry Pb 0.33 Bi 1.80 Sr 1.87 Ca 2.00 Cu 3.00 O x .

4.3.1 Bulk Bi-2223
Two 0.4 g Bi-2223 bulk pellets were doped with 5 wt% Uranium as Uranyl Nitrate Hexa Hydrate (UO 2 (NO 3 ) 2 .6H 2 O). The doping process involved mixing and
grinding by hand in an agate mortar and pestle in air for 20 minutes and then pressing into columnar pellets of diameter 10 mm in a stainless steel press die at 13.8
GPa. Sintering was carried out at 830 and 850 oC on alumina trays in air for 60 hours
with a 2 o/min heating rate, and used furnace cooling (3-4 oC/min). The porosity of
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the pellets allowed chemically adsorbed water and generated nitrous oxide to escape
during the sintering process.

4.3.2 Bi-2223/Ag Tape
Several batches of uranium doped Bi-2223 silver sheathed tapes were produced.537,548 5 or 10 grams of Bi-2223 precursor powder was doped with an appropriate mass of each uranium compound. Table 4-3 Shows the dopant compounds and
doping levels used. Each doped mixture was ground by hand in an agate mortar and
pestle in air for 20 minutes to ensure good mixing. Doped mixed precursor mixtures
were pressed into columnar pellets of diameter 10 mm in a stainless steel press die at
13.8 GPa. The pressed pellets were calcined on alumina trays in air at 810-820 oC for
5 hours with a 3 o/min heating rate, and furnace cooling (3-4 oC/min). Once calcined,
pellets were crushed and ground into fine powders by hand in an agate mortar and
pestle in air for 20 minutes. For one set of undoped and UCa 2 O 5 doped samples
(§10), the powder was at this stage repressed, recalcined, and reground under the
same conditions. This was carried out in an attempt to improve distribution of the
uranium after observing an inhomogeneous distribution of uranium containing phases in a previous batch.
Table 4-3 Uranium compound tape doping levels.

Compound
U3O8
UCa 2 O 5
UCaSrO 5
UCa 1.5 Sr 1.5 O 6
Control

0.28
0.28
0.28

Doping Level (Atomic % U)*
0.56 & 0.60
1.1
0.56
1.1
0.57
1.1
0.56
1.1
No Doping

2

*Atomic percentages calculated based on total cation content.
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4.4 POWDER-IN-TUBE PROCESSING OF BI-2223/AG COMPOSITES
Bi-2223 powders were packed into fine silver (99.99% from Johnson Matthey
Ltd., Australia) tubes of 8 cm length, 6.5 mm outer diameter, and 1 mm wall thickness. One end of the tubes was machined closed, and the other remained open. Some
tubes were then internally inscribed with a thread so that they could be capped at a
later stage. Packing of these tubes was performed by adding approximately 50 mg of
powder at a time, followed by temporarily capping the tube and tapping sharply by
hand 5-10 times to settle and pack the powder. Once packed, the tubes were lightly
capped and degassed in alumina boats in air at 820 oC for 3 hours with a 3 o/min
heating rate and furnace cooling (3-4 oC/min). Degassing allowed adsorbed gasses to
be driven off prior to sintering, and previous work has shown this to be beneficial in
reducing defects such as blistering.123
The degassed packed tubes were then capped before drawing. Capping involved either plugging the open end of a tube with a small coil of silver tape, or with
an appropriately threaded cylindrical cap. Once capped, the packed tubes were
drawn into 1.5 mm diameter wires in a 19 step drawing process. Table 4-4 lists the
die diameters used at each drawing step, and gives the percentage reduction in cross
sectional area associated with each step. A Coote & Jorgenson Maximum 208 drawing bench was used for the drawing operations, with lanolin grease as the die lubricant.
An intermediate anneal at 500 oC for 15 minutes in air was carried out after the
10th step. This anneal was above the recrystallisation temperature of silver, which is
around 200 oC, and served only to soften the sheath material.549 Many steps of drawing can lead to significant work hardening of the silver sheath, which increases the
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probability of fracture of the sheath and failure by breakage of the wire composite.
These wires were then single pass rolled 20 times to a thickness of 200 µm. Table
4-5 lists the rolling thicknesses used, and the reduction in cross sectional area associated with each pass. A Crofts Engineers (serial number OCS 48518/61) rolling mill
with no lubrication was employed for the tape rolling process.
Table 4-4 Wire drawing die diameters and inter-step percentage reductions in cross
sectional area for each step of drawing of the Bi-2223/Ag composites.

Drawing Step
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Diameter (mm)
6.15
5.68
5.21
4.8
4.48
4.01
3.76
3.48
3.18
2.96
Anneal
2.77
2.52
2.30
2.15
2.01
1.91
1.79
1.61
1.51

% Reduction
10.48
14.70
15.86
15.12
12.89
19.88
12.08
14.34
16.50
13.36
12.43
17.24
16.70
12.62
12.60
9.70
12.17
19.10
12.04
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Table 4-5 Tape rolling thicknesses and inter-step percentage reductions in cross sectional area for each step of rolling of the Bi-2223/Ag composites.

Rolling Pass
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Thickness (mm)
1.41
1.30
1.21
1.08
0.96
0.85
0.76
0.72
0.65
0.59
0.53
0.48
0.43
0.38
0.34
0.31
0.28
0.26
0.23
0.20

% Reduction
6.62
7.80
6.92
10.74
11.11
11.46
10.59
5.26
9.72
9.23
10.17
9.43
10.42
11.63
10.53
8.82
9.68
7.14
11.54
13.04

4.5 THERMOMECHANICAL PROCESSING OF BI-2223/AG COMPOSITES
Accurate thermal treatment of Bi-2223 is important as it allows formation of
desired phases.1 As such, a careful furnace calibration was carried out before heat
treating Bi-2223/Ag tapes. The temperature profile of the furnace was determined,
and is shown in Figure 4-1. The hot zone was determined to be the stable region
from 54 – 58 cm, with a temperature offset of T real = T displayed +1 oC.
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842

Temperature (oC)

841
840
839
838
837
836
835
51

52

53

54

55

56

57

58

59

60

61

Position (cm from end of tube furnace)
Figure 4-1 Temperature profile of tube furnace used for heat treatment of Bi-2223/Ag
tapes. The furnace was set to maintain temperature at 840 oC. Each point is an average
from two calibration procedures.

4 cm samples of the tapes were cut and subjected to the two step processing
treatment reported by Zeimetz et al.53 These samples underwent an initial sintering
operation on alumina trays in air for 30 hours with a 3 o/min heating rate and furnace
cooling (3-4 oC/min). This “first” sintering was carried out at a variety of temperatures (T 1 ), as given in Table 4-6. 1 cm portions of the sintered tapes were cut and
kept in the event that later analysis may be found necessary. An intermediate pressing at 3.3 GPa for 10 seconds was carried out on the remaining 3 cm lengths. The
“second” sintering operation involved holding the samples (on alumina trays in air)
at T 1 for 25 hours with a 3 o/min heating rate, followed immediately by cooling at
3.92 o/min to a lower temperature (T 2 ), holding for 25 hours, and then furnace cooling (3-4 oC/min) to room temperature. Table 4-6 lists the unique “second” sintering
temperatures (T 2 ) that were used for each common “first” sintering temperature (T 1 ).
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Figure 4-2 diagrammatically shows the thermal treatment that was given to the
tapes.153
Table 4-6 Thermal treatment temperature combinations for Bi-2223/Ag tapes.

T 1 (oC)

T2
(oC)
828, 830, 832, 833, 834, 835, 836, 837, 838, 839, 840, 841, 842, 843, 844, 815
845
828, 832, 836, 840, 844, 845
820
835, 840, 844, 845
825

“First” Sinter

“Second” Sinter

T1 (30 hours)

T1 (25 hours)

3 o/min

Temperature (oC)

3 o/min
Time (hours)

3.92 o/min
Furnace Cool

Furnace Cool

Temperature (oC)

T2 (25 hours)

Time (hours)

Figure 4-2 Thermal processing routine for Bi-2223/Ag tape. Table 4-6 lists the values
of T 1 and T 2 that were employed.

Not every doped tape from Table 4-3 was heat treated at every temperature
combination listed in Table 4-6. Several factors contributed to this situation. A full
heat treatment process with intermediate pressing takes approximately 5 days. A tube
furnace can hold only twenty samples within its stable hot zone. Due to the inherent
variation between short length samples from the same tape, at least two duplications
of each tape were thermomechanically processed simultaneously. Thus, a maximum
of ten different samples could be treated per 5 day period. Further more, as several
batches of doped tapes were produced, each employing new uranium compounds,
some heat treatments did not have ten different tapes available to treat. Additional
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time, and resources such as furnaces, would allow for a full spectrum of heat treatments to be performed for each sample set.
Similarly, heat treatments with T 2 = 820 oC and 825 oC were carried out at a
later stage than heat treatments with T 2 = 815 oC. Thus, the spectrum of variations of
thermal parameters (T 1 ) that were carried out for T 2 = 820 oC and 825 oC were less
than that performed for T 2 = 815 oC. However, it was ensured that sufficient overlap
occurred in the processing parameters so that comparisons could be made between
tapes that had received different degrees of variation of thermal parameters.

4.6 TRANSPORT JC MEASUREMENTS
After thermal treatment, critical current (I c ) measurements were made. These
measurements were carried out under boiling liquid nitrogen, at 77.36 K.538 No external magnetic field was applied, so the measurements were at self-field only. The
transport I c was measured using the standard 4-point direct current (DC) contact
method, with 1 µV/cm as the criterion for loss of superconductivity. Figure 4-3
shows the current and voltage contact arrangement on the Bi-2223/Ag tape.
Voltage Contacts

Bi-2223/Ag Tape

Current Contacts

Figure 4-3 Schematic of the 4-point contact method used for measuring I c of the Bi2223/Ag tapes.

For a selection of doped tapes, I c measurements were made in an externally
applied magnetic field. These measurements were taken within a GMW Magnet Systems Model 3473-70 1 T water cooled copper electromagnet, with power supplied by
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a computer controlled Danfysik System 8000 Magnet Power Supply 858 transconductance amplifier. Data collection was performed with a computer interfaced
Keithley 2001 Multimeter and a Group 3 DTM-132 Digital Teslameter. Performing
the computer control and data collection was a PC running LabView Student Edition
Version 3.1 by National Instruments. Measurements were taken both parallel to the c
axis and perpendicular to the c axis (ie also both perpendicular and parallel to the a-b
axis).

4.7 DIFFERENTIAL THERMAL ANALYSIS/THERMAL GRAVIMETRY
(DTA/TG)
DTA and TG were used to test both the uranium compounds and the uranium
doped Bi-2223. These two tests were carried out simultaneously on a single sample
in a Setaram DTA-TGA 92B. The unit contains a microbalance for TG work, and
incorporates a DTA system. Samples are placed into small alumina (Al 2 O 3 ) crucibles. A reference sample, which is an empty alumina crucible, is placed into the unit.
For this work, as the samples were oxide materials, heating was performed in air.
DTA measures the difference in temperature between a sample and a reference
as equal amounts of thermal energy are input into the system. Changes in a material
that occur due to temperature increases are easily indirectly observed with this method. Both exothermic and endothermic processes are detectable, and information
about the temperatures at which the processes occur and the energy associated with
the transformation are deducible. Thermally activated processes such as melting, vaporisation, sublimation, decomposition, dehydration, and phase changes may be
studied with DTA.
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TG compares the mass of a sample and a reference as the temperature rises,
and provides information about adsorption, desorption, dehydration, vaporisation,
sublimation, and decomposition. When carried out in conjunction with DTA, the data can be combined and valuable insights into the processes occurring can be deduced.
DTA/TG scans were made of the formation of the series of uranium containing
oxide compounds U:Ca:Sr:Cu = 2:3:3:X (X=0,3,6). In these scans, the alumina crucibles were filled with the mixed and ground, but unsintered, precursor compounds
UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , CaCO 3 , and CuO (when appropriate) and reacted in situ
during the DTA/TG experiment. A DTA/TG scan was also made of the
USr 1.5 Ca 1.5 O 6 compound once it was formed, in order to ascertain its thermal stability. DTA/TG scans were also made of 2.991 and 4.831 at% uranium (as
UO 2 (NO 3 ) 2 .6H 2 O) doped Bi-2223 precursor powders.

4.8 X-RAY DIFFRACTION (XRD)
XRD was performed using a Phillips PW 1730 with Cu Kα radiation from a 40
kV 20 mA source. Typically, scans were carried out at 1 o/min with a 0.02o step size.
2θ was varied over either 5-105o for samples of unknown spectra, or over the region
of interest for the material being scanned (eg 16-46o for BSCCO).
Powders were scanned by distributing a small amount of the powder evenly
over a glass slide that was thinly coated with high-grade vacuum grease. The powders stuck to the vacuum grease, forming a relatively flat surface suitable for scanning in the Phillips PW 1730. The portion of the glass slide located within the device
sample holder was adjusted to be the same height as the slightly elevated sample
(due to the vacuum grease) with several layers of cellophane tape. Equilibriating the
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heights ensured that the powder sample was in the plane of reflection for the beam
and detector. Figure 4-2 shows the arrangement of the powder and sample holder.
Adhesive Tape

Sample Powder
Vacuum Grease

Glass Slide

Figure 4-4 Sample holder arrangement for XRD of powder samples.

Care needs to be taken when adhering the powder to the vacuum grease. The
vacuum grease generates a small amorphous background like peak, and if it contaminates the powder, identification of peaks and correct determination of their intensities can be made more difficult. Additionally, there is a risk of introducing texture
into the powder sample if the powder is “spread” onto the vacuum grease. To avoid
these difficulties, it is best to “sprinkle” the powder onto the vacuum grease, and tap
off the excess.
Tapes were scanned by first cutting the edges with clippers and then slitting
the tape open and removing the silver sheath from one side to expose the Bi-2223
core. Figure 4-5 shows the progression of this process. Typically 1 cm portions of
tape were used for XRD analysis.
Cut Positions

BSCCO Core Ag Sheath

Figure 4-5 Schematic of process to expose Bi-2223 core of Bi-2223/Ag tapes for
XRD analysis.
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4.9 MATERIALOGRAPHIC PREPARATION
For tape samples, 1 cm portions of the tapes were mounted in either acrofix
resin or epoxy. As appropriate, the mounting polymer was cured for the necessary
time. The tapes were mounted either longitudinally on their thin edge, or transversely. The longitudinal tapes were used for SEM investigations (§4.10), while the transverse tapes were used for determination of the Bi-2223 core cross sectional area
(§4.11). Other non-powder samples, primarily pellets, were mounted in the same
way. Powder samples were mounted by sticking a small amount of the powder to
double sided conductive carbon tape.
The non-powder mounted samples were ground from 60P through to 4000P
using water as a lubricant. A final grind at 4000P was undertaken with ethanol as a
lubricant. Ethanol was used rather than water because a number of phases present in
BSCCO are water soluble, and it was desirable to retain these phases for later analysis.3,79-82
The samples were then polished on napless polishing cloths firstly with 6 µm
diamond and then with 1 µm diamond. Napless cloths were used in order to avoid
“pull-out” of the brittle Bi-2223 core by the polishing cloth. The multi-phase structure of the BSCCO cores, and their relative brittleness, resulted in easy cracking of
the core and subsequent loss of core material during polishing. A finish buff was carried out on 1 µm diamond on a napped cloth for 60-120 seconds, as napped cloths
provide a finer polished finish. This final buff was at very low pressures and speeds
to avoid “pull-out”. An alcohol-based lubricant was used during polishing in order to
preserve water-soluble phases.
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At this stage, a rapid, 30-second colloidal silica polish was undertaken. This
last polish was rapid because colloidal silica is suspended in an aqueous solution,
and dissolution of water-soluble phases was possible if extended polishing were to
be carried out. This final polish is as much chemical as physical, as the Struers OPU
colloidal silica is suspended in an aqueous solution of potassium hydroxide and has a
pH of 9.8.550 Following extensive rinsing in ethanol to avoid staining from the colloidal silica, the samples were etched. The etchant used was a mixture of 99.8% 2Butoxy-Ethanol and 0.2% HClO 4 . This etchant has proven effective in etching Bi2223 materials as it is not water based, and the low concentration HClO 4 slowly
etches the BSCCO grain boundaries and other microstructural features. Typically,
etching requires approximately 20 seconds of immersion time.
Following etching, samples were lightly gold-sputter coated in preparation for
SEM observation. Typically, a thin gold layer was deposited on the samples for
around 10 seconds, with the samples being about 2.5 cm from the gold source, and
the deposition current being 40 mA. The layer was kept at an absolute minimum
thickness. This was done because on the one hand a conductive coating such as gold
is required as oxides are not conductive and BSCCO is not superconducting at room
temperature. However, on the other hand, the primary reason for carrying out SEM
was to utilise EDS capabilities. The gold layer needed to be thick enough to carry
away the high probe currents used during EDS analysis. However, it also needed to
be thin enough so that the large atomic number gold atoms did not interfere with the
generation of X-rays during electron bombardment and subsequent EDS analysis.
As a result of these constraints, a compromise was usually reached in which a
gold layer that was too thin to carry away all the current was deposited. However,
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the layer was thick enough to stem charge build-up on the sample surface for long
enough that high definition area EDS maps could be generated (requiring approximately 30 minutes). For visual reference, the thickness of the gold coating was at the
point at which the first signs of the “blueish” tinge begin to appear.

4.10 SCANNING ELECTRON MICROSCOPY/ENERGY DISPERSIVE X-RAY
SPECTROSCOPY (SEM/EDS)
SEM was carried out using a Leica StereoScan 440. EDS employed an Oxford
Link ISIS attached to the Leica StereoScan 440. Scanning conditions were generally
optimised for EDS work, with high voltages (30 kV) and probe currents (around 2
nA), and fixed focal lengths. In order to obtain SEM images of the exact same regions that were investigated using EDS, images were taken at the same time. Consequently, the quality of the SEM images is not as high as it might have been if conditions were instead optimised for image generation. In general, backscattered images
were employed, as these more clearly differentiate the Bi-2223 and Bi-2212 regions,
which otherwise appear very similar under secondary electron imaging. Quantitative
EDS scans were calibrated against a nickel standard under the same electron beam
conditions immediately prior to scanning.

4.11 OPTICAL MICROSCOPY
Optical microscopy was used for two reasons during this work: to assess the
quality of grinding, polishing, and etching operations; and to determine the cross
sectional area of the Bi-2223 cores in the tapes. A Nikon Optiphot microscope was
employed to assess materialographic preparation quality, and a Leica DMRM microscopy for the cross sectional area determinations. Videopro 32 image manipulation software by Leading Edge was used to highlight and calculate the cross sectional areas of the Bi-2223 cores.
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5

URANIUM DOPING OF BULK BI-2223 PELLETS
To begin the work of this project, an understanding of the type of interactions

to expect between uranium and Bi-2223 was required. Factors such as the influence
of uranium additions on the thermal properties, such as melting, of the Bi-2223 are
important for later processing optimisation. Variation of thermal characteristics are
investigated in this chapter, in §5.1. Also important are the chemical interactions between uranium and Bi-2223. It is not expected that uranium will remain discreetly
separated from the surrounding Bi-2223 matrix. Chemical interactions are likely to
occur, which will result in formation of specific uranium containing phases, and
changes to the phases present in the BSCCO matrix. These interactions are explored
in §5.2.

5.1 CHANGE OF THERMAL CHARACTERISTICS OF BI-2223
NIUM DOPING (DTA/TG)

WITH

URA-

DTA/TG (detailed in §4.7, in the Experimental Methods, page 121) is an invaluable tool for learning about the temperatures at which chemical reactions or
phase changes occur. As such, it was employed for initial investigation of changes to
Bi-2223 reaction chemistry and thermal processing with uranium additions. Figure
5-1 shows a DTA/TG scan of undoped Bi-2223 precursor powder. The most important feature to note is the onset temperature for formation of Bi-2223, indicated
by the large endothermic peak at (typically) around 855 oC.551 It is at this temperature that precursor compounds Bi-2212, Ca 2 PbO 4 , and CuO begin to react to form a
liquid phase from which Bi-2223 is formed.551 The exact temperature of formation is
dependent on precise elemental composition as well as heating rate.551 In the case of
the Bi-2223 precursor powder and heating rate employed, this temperature was 853
o

C.
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Figure 5-1 DTA/TG scan of undoped Bi-2223 precursor powder.

For comparison, Figure 5-2 shows the same DTA/TG scan, but for Bi-2223
precursor powder doped with uranium. The general shape of the DTA curve is similar, which is expected as the uranium doping is only 4.8 at%, leaving the majority
phase as the Bi-2223 precursor powder. Doping with uranium, however, has a significant influence on the thermal characteristics and behaviour of the Bi-2223 precursor
powder. An influence of most important note was that the onset of formation of the
Bi-2223 phase dropped to 828 oC. This was expected, as very often additions of further elements to Bi-2223 result in new low-melting point eutectics or other reactions
that engender melting at lower temperatures.15-17,19,176,552-560 It was this observation
of lower Bi-2223 melting temperature that prompted the initial lower heat treatment
temperatures employed for thermomechanical processing of the Bi-2223/Ag composite tapes (§0, page 208).
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Figure 5-2 DTA/TG scan of 4.831 at% uranium (as UO 2 (NO 3 ) 2 .6H 2 O) doped Bi2223 precursor powder.

5.2 NEW COMPOUND FORMATION (SEM/EDS)
SEM was used concurrently with EDS (both detailed in §4.10, in the Experimental Methods, page 126) in order to obtain both microstructural images of the
morphology and elemental distribution maps of the same regions. Often the two sets
of results support each other, with morphological features showing distinct elemental
compositions, or elemental distributions accounting for observed morphological features. EDS area maps and line scans employ a number of abbreviations in the figures. Rather than repeat these abbreviations in the caption for each figure, they are
given here, in Table 5-1, and referenced in each figure.
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Table 5-1 Abbreviations used in EDS area maps and line scans.

Abbreviation
SE
SrLa1
BiMa1
UMa1
CaKa
CuKa
BG

Meaning
The secondary electron image or line scan intensity of the mapped
or line scanned area.
The distribution of strontium, as given by the L α1 characteristic Xray peak of strontium.
The distribution of bismuth, as given by the M α1 characteristic Xray peak of bismuth.
The distribution of uranium, as given by the M α1 characteristic Xray peak of uranium.
The distribution of calcium, as given by the K α characteristic X-ray
peak of calcium.
The distribution of copper, as given by the K α characteristic X-ray
peak of copper.
The background intensity of the mapped or line scanned area.

In addition to the abbreviations given in Table 5-1, EDS area maps and line
scans indicate the relative abundance of each element in the figures by way of image
intensity. The numbers beside the elemental abbreviations denote the relative intensity of the X-rays in question. In the case of EDS area maps, this numerical intensity is
the true relative brightness of the image, and thus the relative abundance of the element. For instance, although the strontium, copper, and background images in Figure
5-6 (page 135) appear to be approximately the same intensity, the copper has more
than three times the brightness of the strontium, and the background around onesixth the intensity of the strontium. For line scans, the intensity number represents
the maximum height of the curves.
Two uranium doped bulk Bi-2223 pellets were produced. The first, sintered at
850 oC, melted, and so was not a good representation of what would occur during
sintering of Bi-2223/Ag composites. Results for the uranium doping of the bulk Bi2223 pellets are taken from the second pellet, which was sintered at 830 oC (§4.3.1,
in the Experimental Methods, page 113). Figure 5-3 shows a backscattered SEM im-
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age of a large area of the surface of the uranium doped bulk pellet. The structure has
large, roughly spherical particles (20 to 50 µm) in abundance, but is otherwise relatively homogenous in overall morphology. The segregation of some elements to
form particular phases might at first be attributed to the prolonged sintering time of
60 hours (§4.3.1, in the Experimental Methods, page 113), but as will be further explored below, it is in fact due to the uranium doping.

Figure 5-3 Backscattered SEM image of 2.2 at% uranium (as UO 2 (NO 3 ) 2 .6H 2 O)
doped Bi-2223 bulk pellet. The image depicts an area that is approximately 1.5 mm in
width. Towards the centre of the image are pale rectangular regions. These are artefacts of the thermal printing method used to produce the hardcopy of the image.

Figure 5-4 shows an EDS elemental map of the same region as seen in Figure
5-3. Looking at the uranium M α1 characteristic x-ray peak distribution, it is clear that
almost all of the large rounded particles are high in uranium. The uranium used in
this experiment was in the form of large (0.5 to 3 mm) granules, which were crushed
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and broken down during the mixing (§4.3.1, in the Experimental Methods, page
113). It is likely, given that the mixing was relatively short (20 minutes) and perhaps
not of the highest quality standard (mortar and pestle by hand), that: (a) the distribution of uranium in the final pressed pellet was not very homogenous; and (b) the size
of the uranium particles was large. Considering the results of Luborsky et al.,
Fleischer, and Schulz et al., in which a uniform distribution of uranium was found, it
is likely that the inhomogeneous uranium distribution observed here is largely as a
result of the processing.27,446,478 Nonetheless, it is the interactions that are of interest
at this stage, rather than the distribution, which can be optimised at a later time with
improved grinding and mixing techniques such as ball milling.

Figure 5-4 EDS elemental map of the same region shown in Figure 5-3. The meanings
of the abbreviations are given in Table 5-1 (page 130). The numbers beside each abbreviation, after the comma, indicate the relative image intensity, and thus the relative
abundance of each element.
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Regardless of the quality of the size and distribution of the uranium containing
phases, the important result of ascertaining preliminary uranium interaction with Bi2223 precursor powder was achieved. In a general qualitative sense, these results are
similar to those of Luborsky et al. in that it appears uranium is not soluble in the Bi2223 matrix to any discernible level.472 However, while Luborsky et al. found only
indirect evidence of interaction between uranium and the Bi-2223 matrix in the form
of decreased magnetic hysteresis that was incommensurate with simple phase dilution, the results achieved here show direct chemical interaction.472 Looking at the
relative distributions of the elements bismuth and copper in Figure 5-4, it is clear that
the uranium particles are low in these elements. Likewise, the uranium phase is rich
in calcium and strontium. This important qualitative result is explored in a quantitative sense below.
A magnified view of one of the uranium containing particles discovered in
Figure 5-4 is shown in Figure 5-5. This image quality is poor; however, this is due
more to the optimisation of beam characteristics for EDS analysis than to the magnification level employed. Nonetheless, the particle can be seen to have a distinct interface region, a very rounded morphology, and perhaps a different internal structure,
much like a seed in a stone fruit such as a peach.
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Figure 5-5 Backscattered SEM image of one of the uranium containing particles discovered in Figure 5-4. The image depicts an area that is approximately 50 µm in
width. The “Inner”, “Middle”, “Outer”, and “Interface” labels denote the positions of
quantitative EDS spot scans that were performed.

An EDS map of the particle and its surrounding Bi-2223 matrix is shown in
Figure 5-6. This map confirms the qualitative observation deduced from Figure 5-4
that the uranium phases are deficient in bismuth and copper, and richer than the Bi2223 matrix in strontium and calcium. Of interest to note is that the “seed” region
(“Middle” and “Inner” in Figure 5-5) towards the centre of the uranium particle
would appear to contain copper, unlike the outer region. A slight depression of the
background around the outer edge of the uranium particle (“Interface” in Figure 5-5)
would lend credence to the supposition that the interface between the uranium particle and BSCCO matrix is not continuous, and is actually porous in structure.
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Figure 5-6 EDS elemental map of the same region shown in Figure 5-5. The meanings
of the abbreviations are given in Table 5-1 (page 130). The numbers beside each abbreviation, after the comma, indicate the relative image intensity, and thus the relative
abundance of each element.

Figure 5-7 shows an EDS line scan conducted “horizontally” across the uranium particle of Figure 5-5 and Figure 5-6. This scan semi-quantitatively shows the
relative intensities of the different elements across the particle and nearby matrix. As
might be expected from Figure 5-6, the level of bismuth is uniformly low throughout
the entire uranium containing particle and the interface region, returning to higher
levels only in the surrounding BSCCO matrix. Conversely, the levels of uranium
show a more or less uniform level in all regions of the particle, including the “Inner/Centre” “seed” region, and a uniformly low level in the outside BSCCO matrix.
Strontium and calcium are slightly higher in the uranium particle than in the BSCCO
matrix.
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Figure 5-7 EDS line scan conducted horizontally across the uranium containing particle shown in Figure 5-5 The meanings of the abbreviations are given in Table 5-1
(page 130). The numbers beside each abbreviation, after the comma, indicate the maximum line intensity, and thus the relative abundance of each element.

Copper, on the other hand, varies unusually across the particle. The copper
levels in the major “Outer” portion of the uranium particle are low, and copper is
uniform in the BSCCO matrix. However, around the interface regions, both the outer
and inner (“seed” interface), there are high levels of copper. Whether this copper was
inhomogenously distributed as copper rich phases initially, or whether the copper
rich regions occurred as a result of the formation of the uranium particle is not clear.
It is reasonable to consider that copper is in some way related to the formation of
uranium phases, as the bismuth levels are uniformly low throughout the particle, and
uniformly high throughout the nearby BSCCO matrix, unlike the unusual copper dis-
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tribution. Whether the copper is an initiator of uranium phase formation, as it is in
YBCO,475 or a product of slow expulsion diffusion kinetics, however, is not clear.
Quantitative EDS spot scans were made, as mentioned in the caption for Figure 5-5 (page 134), and described in §4.10, in the Experimental Methods, page 126.
As an indication of the results, the stoichiometry for the locations detailed in Figure
5-5 are shown in Table 5-2.
Table 5-2 Stoichiometric data for chemical elements in different portions of uranium
containing particle in 2.2 at% uranium (as UO 2 (NO 3 ) 2 .6H 2 O) doped Bi-2223 bulk
pellet.

Position
Inner
Middle
Outer

U
1.00
1.00
1.00

Bi
0.25
0.49
0.21

Stoichiometry
Sr
1.31
1.34
1.56

Ca
1.42
1.47
1.34

Cu
1.17
1.04
0.46

Observation of a large number of uranium containing particles in the doped Bi2223 bulk pellet via quantitative EDS analysis revealed a consistent U:Bi:Ca:Sr
atomic ratio of approximately 2:1:3:3.537 Copper was also present, but in atomic ratios varying from 0 to 6. Bismuth was low in all uranium containing particles, as can
be seen from the typical EDS area map in Figure 5-6 (page 135), and the typical
EDS line scan in Figure 5-7. Particles were grouped into “high”, “medium”, and
“low” copper particles. The average chemical stoichiometry for each class of uranium containing particle is given in Table 5-3. Additionally, the overall average chemical ratio is also given in Table 5-3.
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Table 5-3 Average stoichiometry for uranium containing particles of varying copper
composition in the 2.2 at% uranium (as UO 2 (NO 3 ) 2 .6H 2 O) doped Bi-2223 bulk pellet. The ± values are a single standard deviation.

Copper
Low
Medium
High
Average

U
1.00 ± 0.06
1.00 ± 0.22
1.00 ± 0.23
1.00 ± 0.29

Bi
0.19 ± 0.07
0.50 ± 0.36
0.50 ± 0.10
0.40 ± 0.22

Stoichiometry
Sr
1.44 ± 0.09
1.50 ± 0.08
1.51 ± 0.25
1.48 ± 0.35

Ca
1.35 ± 0.08
1.49 ± 0.15
1.58 ± 0.33
1.47 ± 0.31

Cu
0.37 ± 0.14
1.18 ± 0.14
3.02 ± 0.72
1.54 ± 0.88

5.3 SUMMARY
Additions of uranium to Bi-2223 result in chemical interaction of uranium and
Bi-2223 and altered thermal properties and phase formation. Uranium additions lower the Bi-2223 phase formation temperature (§5.1), and result in the formation of
chemically consistent uranium containing particles within the Bi-2223 matrix (§5.2).
Uranium particles invariably contain a U:Ca:Sr ratio of close to 2:3:3, with a low (<
0.5) bismuth ratio. Copper content in uranium particles varies from near none to as
high as an elemental ratio of 6. Synthesis and characterisation of uranium containing
compounds are detailed in the next chapter, §6. In particular, DTA/TG and XRD
characterisation of the newly identified uranium containing phases is reported.

138

6

URANIUM COMPOUND SYNTHESIS
After observing the interaction between uranium and Bi-2223 in the previous

chapter (§5.2), various uranium compounds were synthesised (§4.2, in the Experimental Methods, page 112). Given the generally low prevalence of bismuth in the
uranium containing particles as listed in Table 5-3, and the generally high proportions of strontium and calcium, synthesis of uranium-strontium-calcium oxides was
pursued.537 It was considered that copper seemed unimportant, at least when compared to strontium and calcium. No uranium-strontium-calcium-oxides were known
to exist, although a large range of uranium-(strontium,calcium)-oxides were well
known and characterised.491-504,519-536 Considering the chemical similarities between
strontium and calcium, it was hypothesised that comparisons could be made to
known uranium-(strontium,calcium)-oxides when synthesising uranium-strontiumcalcium-oxides. Adding an additional element (copper) would have made identification of the synthesised compounds significantly more difficult.
Compounds synthesised were: U 3 O 8 , UCa 2 O 5 , UCaSrO 5 , as well as a range of
compounds of the form UCa x Sr 3-x O 6 (x=0,1,1.5,2,3). The particular compounds investigated were selected for a number of reasons. U 3 O 8 was chosen as a “comparison” point, as all previous work with uranium doping of BSCCO materials had been
carried out with uranium oxide.27,29,30,329,330,436,446,461,466,472,473,478,481,482,484-486 Employing a uranium oxide “base line” allows the current work to be compared to previous
work, and makes for an easier comparison of the relative merits or disadvantages of
doping Bi-2223 with alternative uranium-containing compounds. The UCa 2 O 5 and
UCaSrO 5 compounds were selected to enable comparison of two compounds that
differed only in their relative calcium:strontium ratio. UCa 1.5 Sr 1.5 O 6 was selected as
its stoichiometry matched that of the frequently identified compound within the
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doped Bi-2223 pellet (§5.2). Other compounds in the “family” of the UCa 1.5 Sr 1.5 O 6
compound, USr 3 O 6 , UCa 2 SrO 6 , UCaSr 2 O 6 , and UCa 3 O 6 were synthesised in order
to investigate the nature of the UCa 1.5 Sr 1.5 O 6 compound.
In

this

chapter,

initially,

interaction

of

the

precursor

compounds

UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , CaCO 3 , and CuO during sintering to produce U-Sr-Ca(Cu)-O compounds was investigated (§6.1). Then, the thermal stability of the chosen
compound UCa 1.5 Sr 1.5 O 6 was tested (§6.2). Lastly, the phases in the various compounds were verified by XRD (§6.3).

6.1 PHASE FORMATION (DTA/TG)
Figure 6-1 is a combined DTA/TG (§4.7, in the Experimental Methods, page
121) plot of the interaction of UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , and CaCO 3 , in appropriate
stoichiometric proportions to form USr 1.5 Ca 1.5 O 6 . This compound is similar to the
“low” copper uranium regions found in the uranium doped Bi-2223 pellet in §5.2.
An endothermic peak accompanied by slight mass loss occurs at around 130 oC. This
is likely attributable to loss of adsorbed moisture, as uranyl nitrate hexahydrate is
hygroscopic and releases adsorbed moisture at around 118 oC.561 Significant reactions do not begin to occur until 420 oC, at which point a gradual, steady, but large
loss of mass occurs up to around 610 oC. During this temperature range, a number of
endothermic peaks are apparent, at around 480, 530, and 605 oC. Dash et al. determined that uranyl nitrate hexahydrate loses chemically adsorbed moisture in a number of steps (typically one to two stoichiometric water molecules per step) between
around 300 and 525 oC.562 De-nitration of the uranyl nitrate was also found to begin
at around 420 oC, and to continue until approximately 600 oC.562 Again, the decomposition process occurred in steps, with loss of various NO, O 2 , and NO 2 molecules
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at different stages.562 This multi-step loss of H 2 O, NO, NO 2 , and O 2 between around
300 and 600 oC likely accounts for the observed steady mass loss and multiple endothermic peaks in the temperature range 420 to 610 oC in Figure 6-1.562 At around 810
o

C, Dash et al. found that oxygen was released from the decomposing

UO 2 (NO 3 ) 2 .6H 2 O, which corresponds to the endothermic peak with associated mass
loss at around 810 oC in Figure 6-1.562 Calcium carbonate is known to decompose at
825 oC, which coupled with oxygen loss from the uranyl nitrate hexahydrate at
around 810 oC probably accounts for the steady mass loss between around 720 and
835 oC, with accompanying endothermic peak at slightly over 800 oC.561
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Figure 6-1 DTA/TG scan of formation of uranium compound of nominal composition
USr 1.5 Ca 1.5 O 6 from precursor compounds UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , and CaCO 3 .

Strontium carbonate normally decomposes at 1494 oC, a temperature that was
reached during DTA/TG analysis.561 However, no variation of either the DTA or TG
curves was observed near this temperature (Figure 6-1). Various endothermic peaks
at temperatures over 825 oC, at around 940, 985, 1025, 1045, and 1130 oC are likely
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associated with reaction of the remaning reagents to form various phases, and finally
the UCa 1.5 Sr 1.5 O 6 compound. During this temperature range, a steady loss of mass
from around 825 oC to 1050 oC is possibly associated with the evolution of CO 2
from remaining carbonates. These observations indicate that formation of the desired
UCa 1.5 Sr 1.5 O 6 compound is completed by around 1150 oC. It was based upon these
observations that a sintering temperature of 1250 oC was selected for synthesis of
uranium containing oxide compounds.
A similar DTA/TG scan to Figure 6-1 is shown in Figure 6-2, with the difference being the addition of copper oxide, such that the compound formed has the
nominal stoichiometry UCa 1.5 Sr 1.5 Cu 1.5 O x . The stoichiometry of this compound is
close to the “medium” copper uranium phases observed within the uranium doped
Bi-2223 pellets in §5.2. This relative elemental proportion is also close to the “average” copper stoichiometry found over all uranium containing particles in the Bi-2223
pellet doped with uranium. Similar thermal and mass loss phenomena occur at temperatures below 950 oC with the addition of copper oxide to the precursor powders.
However, the endothermic peak at around 985 oC is significantly more pronounced
in the copper containing sample, indicating that this particular peak may not be associated with strontium carbonate disassociation, but rather with the formation of a
compound in the U-Sr-Ca-(Cu)-O system. Additionally, an endothermic reaction
peak at 1165 oC is observed, which is thus associated with the presence of copper
oxide. Further, no changes in the TG profile as compared to Figure 6-1 are observed,
so the changes to DTA peaks and the appearance of a new peak are related solely to
reactions as a result of the addition of copper oxide. Copper oxide normally melts at
1446 oC, and no change in either the DTA or TG profiles are observed near this tem-
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perature, indicating that the copper oxide is likely consumed in the reaction at around
1165 oC.561 With the addition of copper oxide, the reaction to form the (expected)
UCa 1.5 Sr 1.5 Cu 1.5 O x compound is not completed until around 1275 oC, which is a
higher temperature than without copper oxide.
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Figure 6-2 DTA/TG scan of formation of uranium compound of nominal composition
USr 1.5 Ca 1.5 Cu 1.5 O x from precursor compounds UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , CaCO 3 ,
and CuO.

Extending the continuum of stoichiometric mixes to the “high” copper equivalent range gives the DTA/TG curves shown in Figure 6-3. The features of this scan
are similar to the features of the scan in Figure 6-2 of the “medium” copper stoichiometry. However, there is a much less exaggerated endothermic peak at 985 oC, no
peak at 1165 oC, and two new large endothermic peaks at 1060 and 1110 oC. The
1060 oC endothermic peak has an associated loss of mass, possibly residual carbonates or oxygen release during formation of the U-Ca-Sr-Cu-O compound as copper or uranium change valency states. Additionally, the higher temperature endothermic peak has a very slight mass gain, once again perhaps associated with valency
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state changes in the uranium and/or copper, and oxygen adsorption. To some extent,
it appears as though the two endothermic peaks from the UCa 1.5 Sr 1.5 Cu 1.5 O x sample,
which appear at 985 and 1165 oC have been shifted to 1060 and 1110 oC, respectively, in the UCa 1.5 Sr 1.5 Cu 3 O y sample. Of interest is that an obviously exothermic peak
at around 1200 oC becomes apparent with the “high” copper level. This peak is not
observable when there is no copper present (Figure 6-1, page 141), but can be seen
in Figure 6-2 at around 1220 oC, if closely examined. No loss or gain of mass is associated with this exothermic peak. Reaction can not entirely be said to be completed
until around 1250 oC.
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Figure 6-3 DTA/TG scan of formation of uranium compound of nominal composition
USr 1.5 Ca 1.5 Cu 3 O y from precursor compounds UO 2 (NO 3 ) 2 .6H 2 O, SrCO 3 , CaCO 3 , and
CuO.

The U-Ca-Sr-O compound would appear to be more readily formable than
equivalent compounds containing copper. Although it might perhaps be argued that
additions of copper may serve to thermally stabilise the uranium phases, all three of
the tested uranium-calcium-strontium-(copper)-oxide compounds required formation
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temperatures well above the typical 840 oC employed for Bi-2223/Ag processing. As
such, all three should be thermally stable within the Bi-2223 matrix. For this reason,
the less chemically complex U-Sr-Ca-O compound was selected to be used. This
compound has the additional advantage of forming at more convenient, lower, temperatures. At this stage, further investigation into U-Sr-Ca-Cu-O compounds was
halted, and the origins of the differences in phase formation described above were
not explored in greater depth.

6.2 PHASE THERMAL STABILITY (DTA/TG)
In order to verify the thermal stability of the UCa 1.5 Sr 1.5 O 6 compound, a sample of the prepared material was further analysed with DTA/TG to investigate
changes in chemistry or crystallography with temperature. Figure 6-4 shows this
scan, extending to 1000 oC, which is sufficiently above the expected processing temperatures of circa 840 oC to be confident of the stability of the compound. At first
glance the scan might appear to indicate thermal variations. However, the scales of
the scan (vertical axes) are very small. Compare the range in Figure 6-4 of -4 to 3
µV and 0 to 1.2 mg with the scales of Figure 6-1 (page 141), Figure 6-2 (page 143),
and Figure 6-3, which are around an order of magnitude greater.
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Figure 6-4 DTA/TG scan of uranium compound of nominal composition
USr 1.5 Ca 1.5 O 6 .

6.3 PHASE IDENTIFICATION (XRD)
Samples of the various uranium compounds were investigated with XRD as
described in §4.8, in the Experimental Methods, page 122. Figure 6-5 shows the
XRD spectra obtained for the synthesised U 3 O 8 powder, as well as the reference database lines for U 3 O 8 powder from Aykan and Sleight.563 Peak position correspondence appears to be excellent, and peak intensity matching would seem to be good.537
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Figure 6-5 XRD spectra of U 3 O 8 powder, showing reference database lines for comparison.563
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Figure 6-6 XRD spectra of UCa 2 O 5 and USrCaO 5 , showing the similarity between
the spectra of the two compounds produced, as well as reference lines for UCa 2 O 5
and USr 2 O 5 .497

Correspondence between experimental results and database reference lines for
the UCa 2 O 5 compound from Sawyer was less than optimal, as is shown in Figure
6-6.497,537 Closer analysis of the experimental spectra shows that there are likely four
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U-Ca-O compounds present in the sample: UCaO 4 , UCa 3 O 6 , UCa 2 O 5 , and
U 2 Ca 2 O 7 . Table 6-1 shows the compounds that contribute to each observed XRD
spectra peak.
Table 6-1 U-Ca-O compounds contributing to observed XRD spectra of “UCa 2 O 5 ”
compound.

Peak 2θ
(degrees)
15.1447
16.36
17.86
18.2973
21.52
23.72
27.0357
27.8833
28.454
29.6779
30.0225
30.4847
30.68
31.2445
33.5882
35.68
36.36
36.9975
43.66
43.8722
45.06
46.8422
47.44
48.00
49.5403
54.9308
55.7159
56.9414

Relative Intensity Contributing Compounds
(%)
50
UCaO 4 , UCa 2 O 5
29
U 2 Ca 2 O 7
6
69
UCa 3 O 6 , U 2 Ca 2 O 7
46
UCa 3 O 6
16
U 2 Ca 2 O 7
62
UCaO 4
59
U 2 Ca 2 O 7
100
UCaO 4
56
U 2 Ca 2 O 7
35
UCa 3 O 6
84
UCaO 4 , UCa 3 O 6
58
UCa 3 O 6 , UCa 2 O 5
28
UCa 3 O 6
47
UCaO 4
25
UCa 3 O 6
30
UCa 3 O 6
42
UCaO 4 ,
UCa 3 O 6 ,
UCa 2 O 5 ,
U 2 Ca 2 O 7
32
UCa 3 O 6
44
UCa 3 O 6
24
UCaO 4
64
UCaO 4
32
U 2 Ca 2 O 7
20
UCa 3 O 6 , UCa 2 O 5 , U 2 Ca 2 O 7
75
UCaO 4 , U 2 Ca 2 O 7
46
UCaO 4 , UCa 3 O 6
34
UCaO 4 , UCa 2 O 5
48
UCaO 4

A simple iterative numerical analysis can be employed to determine the approximate proportions of each compound that makes up the nominally “UCa 2 O 5 ”
compound. Keeping the boundary condition of the nominal stoichiometry of
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UCa 2 O 5 , and comparing the relative expected versus observed peak intensities results in the likely relative proportions of the four compounds as detailed in Table
6-2.
Table 6-2 Approximate relative proportions of different U-Ca-O compounds in the
nominally “UCa 2 O 5 ” compound.

Compound
UCaO 4
UCa 3 O 6
UCa 2 O 5
U 2 Ca 2 O 7

% in “UCa 2 O 5 ” Sample
33
32
32
3

The compound UCaSrO 5 had not been previously synthesised, so there were
no reference database lines for easy comparison. However, Sawyer had also studied
USr 2 O 5 , which was remarkably similar to UCa 2 O 5 , as is shown in Table 6-3.497
Both the uranium-(alkaline earth metal)-oxides have a monoclinic crystal structure,
and similar lattice parameters. The reference database lines for USr 2 O 5 are shown in
Figure 6-6 (page 147), and they are similar in position and intensity to those for
UCa 2 O 5 , which is reasonable to expect, given their crystallographic similarities. One
of the most distinguishing differences is the shift of the strontium containing compound’s peaks towards lower 2θ values, which is commensurate with its larger atomic spacings.
Table 6-3 Crystallographic similarities between UCa 2 O 5 and USr 2 O 5 .497

Compound
UCa 2 O 5
USr 2 O 5

System
Monoclinic
Monoclinic

Lattice Parameters (nm)
a
b
c
7.914
5.442
11.45
8.112
5.656
11.92

Similarly, the peak positions of the UCaSrO 5 compound in Figure 6-6 (page
147) are shifted towards lower 2θ values when compared to the UCa 2 O 5 compound.
When the peak positions of the UCaSrO 5 compound are compared to the USr 2 O 5
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database reference lines, they are found to be at higher 2θ values. This observation
lends some credence to the hypothesis that calcium and strontium may exchange
atomic positions within the U(Ca,Sr) 2 O 5 compound family. However, the shift in
peak positions of the UCaSrO 5 compound is also associated with a broadening of the
peaks. The most intense UCa 2 O 5 peak had a full width half maximum (FWHM) of
0.16o, while the most intense UCaSrO 5 peak had a FWHM of 0.40o. This broadening
of the peaks could also be as a result of closely spaced or overlapping peaks of both
UCa 2 O 5 and USr 2 O 5 , both of lesser intensity due to their lower proportions in the
“UCaSrO 5 compound” mixture. The broadening could alternatively be as a result of
imprecise stoichiometry in the individual grains of the UCaSrO 5 , with the exact
Ca:Sr ratio varying from 1:1.
An additional observation relating to Figure 6-6 (page 147) is that it would appear, in a qualitative sense at least, that addition of strontium to the U-Ca-O system
promotes more ready formation of a single-phase product. This engendering of formation of a more single phase product is implied by the lesser number of XRD peaks
in the UCaSrO 5 spectra as compared to the multi-phase “UCa 2 O 5 ” spectra, which is
an indication of a lesser number of constituent compounds. However, it is also worth
noting that the general agreement between the observed spectra of the U(Ca,Sr) 2 O 5
compounds and their associated database reference lines is poor, so drawing definitive conclusions is difficult with the available data.
Coming chronologically after the U(Ca,Sr) 2 O 5 compound synthesis and analysis, investigation into the U(Ca,Sr) 3 O 6 group of compounds was developed from the
experience gained with the earlier series of compounds. As a result of these greater
insights, it was considered in light of the chemical similarity of calcium and stronti-
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um, and the crystallographic similarities of the compounds UCa 3 O 6 and USr 3 O 6 , as
shown in Table 6-4, that UCa 1.5 Sr 1.5 O 6 might be a solid solution of the two compounds. In order to more accurately verify this situation, a complete range of compounds in the family U(Ca,Sr) 3 O 6 was synthesised. Reference database lines were
available only for the two endpoints, UCa 3 O 6 and USr 3 O 6 , from Rietveld.499 XRD
spectra for the synthesised compounds and comparative database reference lines are
shown in Figure 6-7.537
Table 6-4 Crystallographic similarities between UCa 3 O 6 and USr 3 O 6 .499

Compound
UCa 3 O 6
USr 3 O 6

System
Monoclinic
Monoclinic

Lattice Parameters (nm)
a
b
c
5.728
5.958
8.301
5.959
6.179
8.553

The experimentally observed peaks for UCa 3 O 6 and USr 3 O 6 correspond closely to published data.499 Agreement between published reference database lines and
experimentally observed spectra is greater for the USr 3 O 6 compound than for the
UCa 3 O 6 compound. This observation, combined with similar observations for the
U(Ca,Sr) 2 O 5 series of compounds, indicates that uranium compounds containing
strontium are more readily formed than similar calcium containing compounds. The
intermediate UCa x Sr 3-x O 6 compounds showed steadily, consistently shifting peaks,
changing from 2θ values close to UCa 3 O 6 to 2θ values close to USr 3 O 6 , as shown in
Figure 6-7.
Unlike the UCaSrO 5 compound, there was no broadening of the XRD peaks
for intermediate U(Ca,Sr) 3 O 6 compounds. Considering the lack of extraneous XRD
peaks, which indicates good phase purity, and the consistent width of XRD peaks, it
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is reasonable to infer that the entire family of U(Ca,Sr) 3 O 6 compounds are a single
solid solution with calcium and strontium being interchangeable.
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Figure 6-7 XRD spectra of U(Ca,Sr) 3 O 6 compounds showing continuous solid solubility and reference lines for UCa 3 O 6 and USr 3 O 6 .499

An additional observation regarding peak widths is that all of the experimentally observed peaks for the U(Ca,Sr) 3 O 6 compounds are relatively wide. FWHM
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values for the five compounds are given in Table 6-5. As mentioned above, the width
is relatively consistent with compositional variations, and it is no different for the
“pure” endpoint compounds than the intermediate compounds. This does indicate,
however, a problem with either the crystal structure or chemical stoichiometry of the
synthesised compounds, or with the experimental setup for XRD of these uranium
compound powders. The source of the broad peaks might be attributed to the step
size specified for the scanning of the U(Ca,Sr) 3 O 6 compounds, which was an order
of magnitude greater than the step size used for scanning other uranium compounds.
Table 6-5 FWHM values for the most intense XRD peak for each of the U(Ca,Sr) 3 O 6
family compounds.

Compound
UCa 3 O 6
UCa 2 SrO 6
UCa 1.5 Sr 1.5 O

FWHM (degrees)
0.54
0.82
0.72

6

UCaSr 2 O 6
USr 3 O 6

0.62
0.50

To further determine if the large step size was a contributing factor to the large
width of the U(Ca,Sr) 3 O 6 XRD peaks, a sample of UCa 1.5 Sr 1.5 O 6 was rescanned
with the smaller step size used for other uranium compounds. Interestingly, the
FWHM of its most intense peak was 0.55o, comparable to the FWHM values for the
larger step size scanned samples. The source of the broad peaks would appear to lie
with the compounds themselves, rather than simply being an artefact of analysis. No
further investigation was carried out on this matter, and it is only possible to speculate as to the source of the wide peaks being due to, for example, variable oxygen
stoichiometry between grains as a result of valance variations in the uranium within
the compounds.
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6.4 SUMMARY
A number of uranium containing compounds were synthesised, most for subsequent doping of Bi-2223/Ag, and some for compound identification purposes.
Phase pure U 3 O 8 was synthesised. Impure UCa 2 O 5 was synthesised, with an approximate composition of equal parts UCaO 4 , UCa 3 O 6 , and UCa 2 O 5 . A new uranium
containing phase, UCaSrO 5 was produced, however it was unclear if this “phase”
was a mixture of UCa 2 O 5 and USr 2 O 5 , or if it was UCaSrO 5 with imperfect and
varying

stoichiometry

among

constituent

grains.

UCa 3 O 6 ,

UCa 2 SrO 6 ,

UCa 1.5 Sr 1.5 O 6 , UCaSr 2 O 6 , and USr 3 O 6 were all synthesised as phase pure samples.
The two “end” compounds, UCa 3 O 6 and USr 3 O 6 , matched literature references
closely. The three “middle” compounds, UCa 2 SrO 6 , UCa 1.5 Sr 1.5 O 6 , and UCaSr 2 O 6 ,
were new compounds of the same crystallographic family as the “end” compounds.
Some degree of imprecision in the stoichiometry of the U(Ca,Sr) 3 O 6 series of compound between individual grains within the same phase pure compound would appear to have been observed.
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7

URANIUM DOPING OF BI-2223/AG: PHASE CHANGES
Once the uranium compounds were synthesised, as detailed in the previous

chapter, a variety of uranium compound doped tapes was produced at different doping levels (§4.3.2, in the Experimental Methods, page 114). Of these tapes, the three
doping levels of 0.28 at%, 0.56 at%, and 1.1 at% for the three compounds U 3 O 8 ,
UCa 2 O 5 , and UCa 1.5 Sr 1.5 O 6 were analysed for phase purity. Particular attention was
given to the proportions of Bi-2223 and Bi-2212, as formation of Bi-2223 is desired.
Bi-2212 will often form instead of Bi-2223, as it has a wider equilibrium phase formation field with respect to temperature and elemental composition.51 Additionally,
a large proportion of Bi-2223 precursor powder is unreacted Bi-2212 phase, with
additional secondary phases that should react to form Bi-2223 during processing.1,38,92 If processing conditions are not optimal, or if the presence of additional
compounds or elements interferes with phase equilibrium, then a greater proportion
of Bi-2212, and probably other secondary phases, would be expected to be present in
the material.
XRD (§4.8, in the Experimental Methods, page 122) was carried out upon the
thermally treated doped tapes (§4.5, in the Experimental Methods, page 117) in order
to understand the effects of thermal processing and uranium compound doping upon
phase formation. Investigation of the effects of doping with different uranium compounds on the phase composition of BSCCO showed a significant increase in the
fraction of Bi-2212 phase, at the expense of the Bi-2223 phase.547 Additionally, SEM
was performed to investigate the structural changes occurring within the BSCCO, to
allow for correlation of microstructure changes (§8, the next chapter) with phase
changes (this chapter) and physical performance variation (§9, page 207).
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To allow for fair comparison of most favourable phase formation, XRD spectra
were selected for those Bi-2223/Ag tapes that had undergone optimal thermomechanical processing, as determined by physical property measurements (§0, page
208). For each combination of dopant and doping level, the most suitable thermomechanical processing regime (as detailed in §4.5, in the Experimental Methods, page
117) varied, with potentially differing T 1 and T 2 temperatures giving the highest
critical current. Considering that samples of optimum performance were selected, the
spectra would be expected to indicate the best possible Bi-2223 phase formation that
was achieved over the whole thermomechanical processing regime. Table 7-1 shows
the actual temperatures used for the sintering operations that obtained the highest
critical current densities.
Table 7-1 Optimum thermomechanical processing regimes for the undoped and uranium compound doped Bi-2223/Ag composite tapes. The data are in T 1 -T 2 oC format
(see §4.5, in the Experimental Methods, page 117, for details).

Compound
0.28 at%
Control
U3O8
UCa 2 O 5
UCa 1.5 Sr 1.5 O 6

845-820 oC
834-815 oC
845-825 oC

7.1 PHASE VARIATION

WITH

Doping Level
0.56-0.60 at%
838-815 oC (Undoped)
836-815 oC
845-825 oC
845-820 oC

DOPING LEVEL

OF

1.1 at%
845-820 oC
840-820 oC
840-820 oC

URANIUM COM-

POUNDS

Adding different uranium compounds to Bi-2223 will naturally engender different variations in the phase equilibrium of the BSCCO system. Further, adding different amounts of each compound will also result in some degree of variation of the
phase equilibrium of the BSCCO system. Assessment of these variations was carried
out by XRD, with particular attention being given to the relative proportions of Bi2223 and Bi-2212 present in the differently doped samples.
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Figure 7-1 XRD spectra of undoped and U 3 O 8 doped Bi-2223/Ag composite tapes.
Table 7-1 (page 157) details the heat treatments that were applied to each tape.

Figure 7-1 shows the XRD spectra for nominally Bi-2223/Ag tapes doped with
different levels of U 3 O 8 . A quick glance at Figure 7-1 shows that it would appear
doping with U 3 O 8 has no serious impact on the phase make up of Bi-2223/Ag until a
doping level of somewhere in between 0.60 at% and 1.1 at%. More precisely, a
quantitative analysis of the variation of Bi-2223 and Bi-2212 proportions in the
U 3 O 8 doped tapes is given in Table 7-2. The percentages in the table are calculated
by assessing the heights of the two peaks 23.2o (Bi-2212) and 24.0o (Bi-2223), and
assuming that between them, they comprise the vast majority of the phases present in
the samples. This assumption is obviously inaccurate to some degree, as there are
other impurity phases present in the samples (see §8 for more details). However, the
two most common phases are certainly Bi-2223 and Bi-2212 (§8), and it is the relative proportion of these two primary superconducting phases that is of particular interest.
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Table 7-2 Relative proportions of the two phases Bi-2223 and Bi-2212 present in
U 3 O 8 doped Bi-2223/Ag tapes.

Doping Level (at%)
0
0.28
0.60
1.1

Bi-2223 %
94.5
88.6
93.2
57.5

Bi-2212 %
5.5
11.4
6.8
42.5

Table 7-2 shows an increase of 6% in Bi-2212 phase, at the expense of Bi2223 phase, even at the lowest doping level of 0.28 at%. Increasing the doping level
to 0.60 at% would appear to have less effect than low doping levels, with only a
1.3% increase in the percentage of Bi-2212. These mixed results may indicate that
the thermomechanical processing of the 0.28 at% doped sample was sub-optimal,
and that a lesser conversion of Bi-2223 to Bi-2212 might be possible at this doping
level if a wider range of thermomechanical processing conditions was explored.
However, increasing the doping level to 1.1 at% has considerable impact on the proportion of Bi-2223 and Bi-2212. At this high doping level, the Bi-2212 accounts for
almost half of the BSCCO material present in the doped sample, indicating a serious
disruption of phase formation, even under optimised sintering conditions.
Initially glancing at Figure 7-2, it appears that doping with UCa 2 O 5 is more
damaging to Bi-2223 phase equilibrium at low doping levels than doping with U 3 O 8 .
However, Figure 7-2 also shows that, qualitatively, all UCa 2 O 5 doping levels (up to
1.1 at%) have a minor effect on the phase proportions of Bi-2223 and Bi-2212. Table
7-3 shows the data quantitatively. Conversion of Bi-2223 to Bi-2212 is much less
severe at high doping levels in the UCa 2 O 5 doped tapes than the U 3 O 8 doped tapes.
Unexpectedly, it appears that low doping levels of UCa 2 O 5 have a more severe effect on the phase proportions than high doping levels. Similar to the U 3 O 8 doped

159

tapes, this superior performance of intermediately (0.56 at%) doped tapes may indicate a need for further work on thermomechanical processing optimisation.
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Figure 7-2 XRD spectra of undoped and UCa 2 O 5 doped Bi-2223/Ag composite tapes.
Table 7-1 (page 157) details the heat treatments that were applied to each tape.
Table 7-3 Relative proportions of the two phases Bi-2223 and Bi-2212 present in
UCa 2 O 5 doped Bi-2223/Ag tapes.

Doping Level (at%)
0
0.28
0.56
1.1

Bi-2223 %
94.5
83.9
89.3
91.2

Bi-2212 %
5.5
16.1
10.7
8.8

With both the U 3 O 8 and UCa 2 O 5 doped tapes showing a seeming worsening
of Bi-2223 proportion at low doping levels, it is possible that a limitation in the
quantitative analysis has become apparent. The fairly simple, though common, quantitative analysis employed compares only the relative proportions of Bi-2223 and Bi2212.30 Should doping with a particular dopant at a specific level result in an overall
decrease in both of these phases, then although the relative proportions shown in Ta-
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ble 7-2 (page 159), Table 7-3, and Table 7-4 (page 163) are still correct, the implications are somewhat misleading.
The quantitative analysis employed makes the assumption that, between them,
Bi-2223 and Bi-2212 account for the vast majority of the phases present. If, at these
particular doping levels, there are noteworthy proportions of secondary phases such
as Bi-2201, copper oxides, calcium oxides, strontium oxides, or other phases, then
the net effect of doping is actually worse than the tables would show. This is because, under such conditions, the doping converts Bi-2223 to not only Bi-2212, but
also to other, non-high-temperature superconducting phases. The relative proportion
of Bi-2212 as compared to Bi-2223 may appear to have decreased, but it is quite
possible that the increase in other phases more than compensates for this apparently
beneficial effect. The microstructures shown in §8 would seem to confirm this hypothesis, as various secondary phases can be observed.
Accurately confirming this hypothesis is difficult, however, because identification of low concentrations of numerous secondary phases is not readily achievable
with XRD. If the proportions of secondary phases are near 1% each, then they will
not be apparent in the XRD spectra. Similarly, any non-superconducting amorphous
phases are difficult to detect with XRD. SEM/EDS (§4.10, in the Experimental
Methods, page 126) can more readily discern minor phases, but suffers from the limitation of only being able to view relatively small areas at a time, which may not be
representative of the entire sample size. Nonetheless, qualitative agreement between
the hypothesis and SEM/EDS results is made in §8. Similarly, physical property
measurements (§9, page 207) provide an indication of factors such as grain connec-
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tivity, which is an indirect indication of phase assemblage, among other factors.
These factors will be further discussed in their appropriate chapters.
The XRD spectra in Figure 7-3 all appear nominally the same, indicating, at
least qualitatively, that UCa 1.5 Sr 1.5 O 6 has little affect on the phase formation of Bi2223 even up to 1.1 at%. As Table 7-4 details, employing UCa 1.5 Sr 1.5 O 6 as a dopant
results in very minor (< 1.5%) reductions in apparent Bi-2223 to Bi-2212 phase percentages even up to doping levels of 1.1 at%. Table 7-4 shows there is no discernible
difference in Bi-2223 to Bi-2212 phase percentages as a result of doping with
UCa 1.5 Sr 1.5 O 6 up to levels of 1.1 at%. This indicates, at least within the range of
thermomechanical processing parameters explored, that UCa 1.5 Sr 1.5 O 6 is much more
compatible with the Bi-2223 matrix than either U 3 O 8 or UCa 2 O 5 .
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Figure 7-3 XRD spectra of undoped and UCa 1.5 Sr 1.5 O 5 doped Bi-2223/Ag composite
tapes. Table 7-1 (page 157) details the heat treatments that were applied to each tape.
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Table 7-4 Relative proportions of the two phases Bi-2223 and Bi-2212 present in
UCa 1.5 Sr 1.5 O 6 doped Bi-2223/Ag tapes.

Doping Level (at%)
0
0.28
0.56
1.1

Bi-2223 %
94.5
93.1
94.1
94.0

Bi-2212 %
5.5
6.9
5.9
6.0

7.2 PHASE VARIATION WITH DIFFERENT URANIUM COMPOUNDS
EQUIVALENT DOPING LEVELS

AT

A comparison of the effects of doping with the same amount of each dopant
compound on the phase assemblage of the Bi-2223/Ag composite tapes is a useful
extension of the comparison of different doping levels of the same compound, as carried out in §7.1. To avoid repeated referencing back to Table 7-2 (page 159), Table
7-3 (page 160), and Table 7-4, the data of these tables are reproduced in Table 7-5,
Table 7-6, and Table 7-7 (page 165). In these three new tables, the data have been
rearranged to highlight the differences and similarities of the various uranium containing dopants at the same doping level. The data are the same, taken from Figure
7-1 (page 158), Figure 7-2 (page 160), and Figure 7-3, but the presentation is different, to assist the additional dimension of discussion.
Table 7-5 Relative proportions of the two phases Bi-2223 and Bi-2212 present in 0.28
at% doped Bi-2223/Ag tapes.

Dopant
None
U3O8
UCa 2 O 5
UCa 1.5 Sr 1.5 O 6

Bi-2223 %
94.5
88.6
83.9
93.1

Bi-2212 %
5.5
11.4
16.1
6.9

At the same low doping level of 0.28 at%, UCa 1.5 Sr 1.5 O 6 already shows considerable benefit when compared to either U 3 O 8 or UCa 2 O 5 . While the conversion
of Bi-2223 to Bi-2212 as a result of doping with 0.28 at% U 3 O 8 or UCa 2 O 5 increases to over 10%, the conversion as a result of doping with 0.28 at% UCa 1.5 Sr 1.5 O 6 is
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nominally the same as not doping at all. Interestingly, the effect of UCa 2 O 5 on the
ratio of Bi-2223 to Bi-2212 would appear to be more detrimental than the effect of
U 3 O 8 , with around 5% greater conversion. This would not be expected, and may be
due to insufficient variation of thermomechanical processing, or even to inter-sample
variation. However, the same qualitative relationship between the U 3 O 8 and
UCa 2 O 5 doped tapes is also found at the higher doping level of circa 0.57 at%
(Table 7-7).
Table 7-6 Relative proportions of the two phases Bi-2223 and Bi-2212 present in
0.56-0.60 at% doped Bi-2223/Ag tapes.

Dopant
None
U3O8
UCa 2 O 5
UCa 1.5 Sr 1.5 O 6

Bi-2223 %
94.5
93.2
89.3
94.1

Bi-2212 %
5.5
6.8
10.7
5.9

At the intermediate doping level of 0.56 to 0.60 at%, the UCa 1.5 Sr 1.5 O 6 doped
tape once again shows almost the same phase relationship between Bi-2223 and Bi2212 as the undoped tape. This is an indication of greater chemical compatibility between the UCa 1.5 Sr 1.5 O 6 dopant and the Bi-2223 matrix than between the dopants
U 3 O 8 and UCa 2 O 5 and the Bi-2223 matrix. Oddly, U 3 O 8 would appear to be less
detrimental to phase formation than UCa 2 O 5 at this intermediate doping level. However, as discussed above (§7.1), there exists a limitation in comparing the proportions of only two phases if these two phases do not comprise nearly 100% of the
sample. Variation of critical current, as discussed in §9 (page 207), would indicate
that in U 3 O 8 doped tapes, a higher proportion of other phases is present, as current
flow appears to be impaired.
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Table 7-7 Relative proportions of the two phases Bi-2223 and Bi-2212 present in 1.1
at% doped Bi-2223/Ag tapes.

Dopant
None
U3O8
UCa 2 O 5
UCa 1.5 Sr 1.5 O 6

Bi-2223 %
94.5
57.5
91.2
94.0

Bi-2212 %
5.5
42.5
8.8
6.0

Differences in chemical compatibility with the Bi-2223 matrix are most clearly
seen at the high doping level of 1.1 at%. At this doping level, almost half the Bi2223 in the U 3 O 8 doped tape is converted to Bi-2212. Doping with UCa 2 O 5 does not
affect the phase proportions as severely, with just under 10% of Bi-2223 instead
forming as Bi-2212. The difference in the phase content between the UCa 1.5 Sr 1.5 O 6
doped tape and the undoped tape, however, is only a mere 0.5%.
It is interesting to compare the results obtained above with those achieved by
Guo et al. in their uranium oxide doping of Bi-2223/Ag.30 Their work was similar to
the current work, and involved doping Bi-2223 precursor with UO 4 by hand mixing
and grinding, and PIT formation of Bi-2223/Ag tapes.30 The doping levels employed
were 0 at%, 0.08 at%, 0.15 at%, and 0.22 at%.30 All of these doping levels were below even the lowest doping level employed in the current work. Their XRD results
indicated a general level of Bi-2212 of around 10%, in good agreement with U 3 O 8
doped tapes at 0.28 at% in the current work, which had around 11 % Bi-2212.30 To
the limit of the capabilities of their XRD equipment, no significant phases other than
Bi-2223 and Bi-2212 could be found, which is similar to the situation in the results
above.30 They concluded that, at least up to 0.22 at%, uranium oxide additions to Bi2223 did not significantly alter phase formation.30 Interestingly, they found that T c
slightly increased with doping level, and the superconducting transition width narrowed.30 It was hypothesised that the uranium oxide additions may have somehow
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improved grain connectivity.30 No assessment or analysis of microstructure was carried out.30 However, critical current measurements were undertaken, and even after
thermal processing optimisation, reductions in I c of 12% for the highest doped tape
were found.30 Changes in stoichiometry and microstructure degradation were cited as
likely reasons for this loss of critical current.30

7.3 SUMMARY
Doping Bi-2223/Ag with uranium compounds had mixed effects on the
BSCCO phase formation, depending on the dopant compound and doping level.
Generally, U 3 O 8 affected Bi-2223 phase formation most severely, with 1.1 at% of
this dopant resulting in around 43% unconverted Bi-2212. This can be compared to
the same level of doping with UCa 2 O 5 , which resulted in around 9% residual Bi2212. Consistently superior even to UCa 2 O 5 was UCa 1.5 Sr 1.5 O 6 , with only around
6% Bi-2212 in the sample doped with 1.1 at% uranium, which is within 1% of the
Bi-2212 level in an undoped tape. The differences in BSCCO phase formation between the tapes doped with the three uranium compounds were more discernible at
higher doping levels. At lower doping levels, the magnitude of the differences was
less, and in some cases the least compatible compound for doping uranium into Bi2223/Ag was UCa 2 O 5 rather than U 3 O 8 . For all doping levels, however, the most
compatible compound for uranium doping of Bi-2223/Ag was UCa 1.5 Sr 1.5 O 6 .
The XRD results presented and discussed above are one piece of the overall
picture relating to interaction of uranium containing dopants and the Bi-2223 matrix.
By themselves, they are neither necessarily convincing, nor definitively conclusive.
As was discussed (§7.1), the analysis technique employed contained some inherent
limitations, which preclude decisive conclusions from being drawn. However, when
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the XRD phase proportion results are considered in light of variations in microstructure (§8, the next chapter) and critical current (§9, page 207), a more complete depiction of the situation may be constructed and understood. In chapters 8 and 9, reference will be made to the XRD results presented here. Correlations will be drawn, and
points of similarity will become clearer. The most important limitation discussed
above, that of phase purity, will be explored in greater detail in the following chapter, which details the microstructures of doped tapes.
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8

URANIUM DOPING OF BI-2223/AG: MICROSTRUCTURE
Following on from SEM and EDS analysis of the uranium doped bulk Bi-2223

pellets in §5.2, a similar analysis was performed on the uranium doped Bi-2223/Ag
tapes.548 This investigation had two main components, the first of which was SEM
examination of the microstructure of the various doped tapes. The structure property
relationship in Bi-2223/Ag is very strong, with even minor changes in microstructure, such as degree of texturing of Bi-2223 grains, leading to significant changes in
physical performance. A thorough understanding of the changes wrought on the Bi2223/Ag microstructure as a result of uranium compound doping is essential for determining the implications of such doping processes. Secondly, EDS analysis was
employed to: investigate changes in phase chemistry, find the distribution of uranium containing phases, and to ascertain the chemical composition of uranium containing phases. The results pertaining to uranium phase chemistry are compared to parallel results from §5.2.
SEM was used concurrently with EDS (both detailed in §4.10, in the Experimental Methods, page 126) in order to obtain both microstructural images of the
morphology and elemental distribution maps of the same regions. Often the two sets
of results support each other, with morphological features showing distinct elemental
compositions, or elemental distributions accounting for observed morphological features. EDS area maps employ a number of abbreviations in the figures. Rather than
repeat these abbreviations in the caption for each figure, they are given here, in Table
8-1, and referenced in each figure.
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Table 8-1 Abbreviations used in EDS area maps.

Abbreviation
SE
SrLa1
BiMa1
UMa1
CaKa
CuKa
BG

Meaning
The secondary electron image intensity of the mapped area.
The distribution of strontium, as given by the L α1 characteristic Xray peak of strontium.
The distribution of bismuth, as given by the M α1 characteristic Xray peak of bismuth.
The distribution of uranium, as given by the M α1 characteristic Xray peak of uranium.
The distribution of calcium, as given by the K α characteristic X-ray
peak of calcium.
The distribution of copper, as given by the K α characteristic X-ray
peak of copper.
The background intensity of the mapped area.

In addition to the abbreviations given in Table 8-1, EDS area maps indicate the
relative abundance of each element in the figures by way of image intensity. The
numbers beside the elemental abbreviations denote the relative intensity of the Xrays in question. In the case of EDS area maps, this numerical intensity is the true
relative brightness of the image, and thus the relative abundance of the element. For
instance, although the calcium and gold images in Figure 8-3 (page 172) appear to be
approximately the same intensity, the gold has around a quarter of the intensity of
the calcium, and is in fact almost the same intensity as the background.
Examination of the microstructural differences between undoped Bi-2223/Ag
(Figure 8-1), and the various doped tapes provides evidence of phase disruption with
increasing dopant additions.548 The disruption is minimised by doping with more
compatible uranium compounds. Undoped Bi-2223, as shown in Figure 8-1, already
has a complicated microstructure.548 Under backscattered imaging, the majority
phase of Bi-2223 is a “medium” grey colour. Most of the “light” grey areas are Bi2212 phase, although some are calcium oxides. Bi-2212 phase is typically long and
thin, with morphology much like the majority phase Bi-2223. Calcium oxide is often
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more rounded in morphology. The “dark” grey phases are usually copper oxides, although some are strontium oxides, and some “dark” areas are actually pores, cracks,
and voids. Copper oxides have typically blocky or square morphology, while the less
common strontium oxides tend to be more rounded or irregular in shape. Cracks,
pores, and voids are generally discernible as such due to the relatively good depth of
field provided by SEM analysis, even at the typical magnification of 5000 times used
in most of this work.

Figure 8-1 Backscattered electron SEM image of microstructure of a longitudinal section of undoped Bi-2223 core from Bi-2223/Ag composite tape. The image depicts an
area that is approximately 50 µm in width, and the height of the image is the width of
the core.548

8.1 U3O8 DOPED TAPES
Figure 8-2 shows that doping with 0.28 at% U 3 O 8 initially disrupts the microstructure of the Bi-2223 by increasing void space and engendering formation of non
Bi-2223 phases. EDS analysis, shown as an area map in Figure 8-3 (page 172), indi-
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cated that the most common additional phase formed was copper oxide. The presence of additional phases and pore spaces also adversely affects the texturing of the
Bi-2223 and Bi-2212 grains. In Figure 8-1, the majority of Bi-2223 grains in the undoped tape core are close to parallel to the longitudinal direction (ie, lying on the
horizontal plane in these figures). A greater proportion of Bi-2223 grains in the 0.28
at% U 3 O 8 doped tape core (Figure 8-2) are not aligned as well as in the undoped
tape, largely as a result of impeding voids and phases with non platelet morphology.

Figure 8-2 Backscattered electron SEM image of microstructure of a longitudinal section of 0.28 at% uranium (as U 3 O 8 ) doped Bi-2223 core from Bi-2223/Ag composite
tape. The image depicts an area that is approximately 50 µm in width, and the height
of the image is the width of the core.

The EDS area map in Figure 8-3 allows the location of uranium containing
phases to be determined. Although difficult to ascertain, the uranium regions appear
to coincide with rounded voids, which seem to contain roughly spherical particles
within them. As will become more apparent with analysis of higher doped tape cores
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below, this is a typical morphology to which most of the uranium dopants conform,
and is detrimental to the overall microstructure of the Bi-2223 cores.

Figure 8-3 EDS elemental map of the same region shown in Figure 8-2. The meanings
of the abbreviations are given in Table 8-1 (page 169). The numbers beside each abbreviation, after the comma, indicate the relative image intensity, and thus the relative
abundance of each element.

Intermediate level doping of Bi-2223/Ag with 0.56 at% uranium as U 3 O 8 effected more serious changes on the core microstructure, as shown in Figure 8-4. A
significant number of secondary phases, some deterioration of the Bi-2223 grain
structure, and the appearance of additional cracks and voids are all indications of the
disruption to Bi-2223 microstructure brought about as a result of addition of U 3 O 8 .
A greater proportion of secondary phases may unbalance the proportions of Bi-2223
and Bi-2212 detected by XRD in §7. This may explain the apparently higher Bi-
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2223 phase proportion in the higher doped 0.60 at% U 3 O 8 sample (Table 7-2, page
159) as compared to the lower doped 0.28 at% U 3 O 8 sample, which had a much
smaller proportion of phases other than BSCCO. The EDS area map, Figure 8-5
(page 175), shows that the main secondary phases are copper oxides and uranium
oxides. This gives an indication that uranium, at least when added as U 3 O 8 , does not
easily distribute itself throughout the structure as secondary phases, and neither does
it easily incorporate itself into the Bi-2223 crystal lattice.

Figure 8-4 Backscattered electron SEM image of microstructure of a longitudinal section of 0.56 at% uranium (as U 3 O 8 ) doped Bi-2223 core from Bi-2223/Ag composite
tape. The image depicts an area that is approximately 50 µm in width, and the height
of the image is the width of the core.

This last observation, that of separate uranium containing phases, is contrary to
the findings of a number of authors. Luborsky et al. found no separate uranium phases in 0.33 at% uranium as UO 2 doped Bi-2223 powders using either XRD or materialographic examination, but they did find secondary evidence of interaction in their
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magnetic hysteresis results.472 The doping limit at which interaction appeared to
begin was around 0.15 at%, which was much lower than the doping levels employed
in the current work.478 Schulz et al. also found no separate uranium phases in their
UO 4 doped Bi-2223/Ag with XRD or EDS, however, their doping level was only
0.11 at%.27 Guo et al., who doped Bi-2223/Ag with UO 4 up to 0.22 wt%, also detected no uranium containing phases by XRD.30
The combination of samples and techniques used by these authors made it difficult to easily locate discreet uranium containing phases. Firstly, the doping levels
employed were all relatively low, at least when compared to the current work. The
results of Luborsky et al. indicate a possible solid solubility limit of uranium in Bi2223 of around 0.11 to 0.15 at%, which, if true, leaves only a very small amount of
uranium to form a separate phase in the works described.478 Secondly, mixing techniques varied, and Luborsky et al., who employed the highest doping level, used dry
ball milling, which would be expected to generate a much more homogenous structure than the hand mortar and pestle mixing employed by other authors and also used
in the current work.472 A more finely dispersed uranium oxide powder may be much
more difficult to detect by materialographic analysis, which Luborsky et al., performed.472 Lastly, location of a minor phase is difficult by XRD, and also difficult by
materialographic investigation (such as optical or electron microscopy), and authors
who did not employ EDS may be expected to have much greater difficulty in locating uranium particles. Schulz et al., the only author cited to use EDS, also had the
lowest doping level of 0.11 at%, which may well have fallen below the solid solubility limit proposed by Luborsky et al., and indeed, Schulz et al. propose this as a possible explanation for the apparent lack of uranium rich regions in their sample.27
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Figure 8-5 EDS elemental map of the same region shown in Figure 8-4 (page173).
The meanings of the abbreviations are given in Table 8-1 (page 169). The numbers
beside each abbreviation, after the comma, indicate the relative image intensity, and
thus the relative abundance of each element.

An additional observation that becomes apparent at the doping level of 0.56
at% uranium as U 3 O 8 is that, like the uranium regions in the uranium doped Bi-2223
pellet (§5.2), the uranium regions in the Bi-2223/Ag tape core are deficient in bismuth. However, strontium levels would seem to be slightly higher than the general
BSCCO matrix, and calcium levels would appear to be similar to the matrix. This is
a qualitative indication that, like the case of the uranium doped Bi-2223 pellet (§5.2),
strontium and calcium have been extracted from the Bi-2223 matrix, and have found
their way into the uranium containing phases. Quantitative analysis (§8.4) shows that
this is also the case with uranium oxide doped Bi-2223/Ag.
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Morphologically, the uranium particles are distinct, and relatively easily differentiated from the BSCCO matrix and other secondary particles. Figure 8-6 shows a
magnified view of the large uranium particle on the lower right side of Figure 8-4
(page 173). This particle is typical, and shows a generally spherical overall shape,
with commensurate surrounding void due to disruption of the normally lamellar
BSCCO microstructure. The surface of the particle is particularly distinctive, and
appears “raised”, with characteristic “ridges” and commensurate “craters”. Smaller
uranium containing particles, such as the one in the central top of Figure 8-6, have a
less characteristic surface than larger particles, and appear as small nominally spherical particles.

Figure 8-6 Backscattered electron SEM image of a large uranium particle and surrounding microstructure in the 0.56 at% uranium (as U 3 O 8 ) doped Bi-2223 core.
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Figure 8-7 Backscattered electron SEM image of microstructure of a longitudinal section of 1.1 at% uranium (as U 3 O 8 ) doped Bi-2223 core from Bi-2223/Ag composite
tape. The image depicts an area that is approximately 50 µm in width, and the height
of the image is the width of the core.548

At higher doping levels of 1.1 at% uranium as U 3 O 8 (Figure 8-7, with accompanying EDS area map in Figure 8-8), a significant volume fraction of Bi-2212
phase becomes visible.548 This latter observation is consistent with XRD analysis
carried out previously (§7).547 Further, large volumes of copper oxide begin to form,
and considerable void space appears. Compared to an undoped core microstructure,
Figure 8-1 (page 170), the disruption caused to the core microstructure by adding 1.1
at% uranium in the form of U 3 O 8 is immense.
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Figure 8-8 EDS elemental map of the same region shown in Figure 8-7. The meanings
of the abbreviations are given in Table 8-1 (page 169). The numbers beside each abbreviation, after the comma, indicate the relative image intensity, and thus the relative
abundance of each element.

8.2 UCA2O5 DOPED TAPES
Low (0.28 at%) UCa 2 O 5 doping initially does little to the microstructure of the
Bi-2223 core (Figure 8-9). Even with EDS analysis (Figure 8-10, page 180), at this
doping level, the only observation that can be made is that there may be slightly
higher copper oxide volume fractions present. The uranium particles have the characteristic spherical shape, but many of them are lacking the surface ripples noted on
uranium particles in the U 3 O 8 doped tapes. This additional feature is easily noted by
comparing the two similarly sized uranium particles on the lower right and lower left
in Figure 8-9. The particle on the right has the surface ridges, while the particle on
the left is more “flat” rounded. Even at this low doping level, the general improve-
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ment in core microstructure of the 0.28 at% UCa 2 O 5 doped tape as compared to the
equivalent U 3 O 8 doped tape (Figure 8-2, page 171) is apparent. Addition of calcium
to the uranium dopant has a beneficial effect on the dopant-matrix interaction.

Figure 8-9 Backscattered electron SEM image of microstructure of a longitudinal section of 0.28 at% uranium (as UCa 2 O 5 ) doped Bi-2223 core from Bi-2223/Ag composite tape. The image depicts an area that is approximately 50 µm in width, and the
height of the image is the width of the core.
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Figure 8-10 EDS elemental map of the right portion of the same region shown in Figure 8-9. The meanings of the abbreviations are given in Table 8-1 (page 169). The
numbers beside each abbreviation, after the comma, indicate the relative image intensity, and thus the relative abundance of each element.

At the intermediate doping level of 0.56 at% uranium as UCa 2 O 5 , significant
amounts of copper oxide begin to form, as seen in Figure 8-11 and verified by EDS
in Figure 8-12 (page 182). A small amount of calcium oxide also begins to appear,
although the majority of excess calcium is associated with the uranium phase. As
will be seen below, quantitative EDS analysis verifies that strontium is removed
from the Bi-2223 matrix by the UCa 2 O 5 dopant, and so the formation of calcium
rich regions that are not also uranium rich is understandable. A relative increase in
the proportion of phases other than BSCCO would help to explain the apparently reversed Bi-2223 to Bi-2212 phase ratio with increasing doping level of UCa 2 O 5 that
was found in §7.1 and is shown Table 7-3 (page 160). As BSCCO is not the vast ma180

jority of phases present, the analysis carried out that allowed this assumption to be
made is at least potentially flawed. Quite possibly, Bi-2223 was converted to phases
other than Bi-2212 as a result of the introduction of higher levels of UCa 2 O 5 . This
means that, contrary to what might be assumed from Table 7-3 (page 160), doping
with greater amounts of UCa 2 O 5 probably does not lead to greater Bi-2223 phase at
the expense of Bi-2212 phase, but instead leads to greater non BSCCO phases at the,
not necessarily equal, expense of both BSCCO phases.

Figure 8-11 Backscattered electron SEM image of microstructure of a longitudinal
section of 0.56 at% uranium (as UCa 2 O 5 ) doped Bi-2223 core from Bi-2223/Ag composite tape. The image depicts an area that is approximately 50 µm in width, and the
height of the image is the width of the core.

Again, similar to the 0.28 at% uranium as UCa 2 O 5 doped tape, the uranium
particles in the 0.56 at% doped tape appear to have often lost their surface texturing.
Around half of the uranium deposits are more or less smooth spheres, rather than the
ridged spheres depicted in Figure 8-6 (page 176) for U 3 O 8 doped tapes. The micro181

structure near these more rounded particles appears less disrupted than the microstructure near the less regularly surfaced uranium particles, and a lessened void
space and more continuous nearby structure would seem to be apparent.

Figure 8-12 EDS elemental map of the same region shown in Figure 8-11. The meanings of the abbreviations are given in Table 8-1 (page 169). The numbers beside each
abbreviation, after the comma, indicate the relative image intensity, and thus the relative abundance of each element.

Serious transformation of Bi-2223 phase to Bi-2212 phase is not apparent with
UCa 2 O 5 doping at the doping levels used, even at the highest doping level of 1.1
at%, unlike with U 3 O 8 (Figure 8-7, page 177).548 Figure 8-13 shows the microstructure of the Bi-2223 core with 1.1 at% uranium as UCa 2 O 5 as dopant. Large amounts
of calcium oxides form at 1.1 at% doping, however, and perhaps half of them are not
associated with any uranium containing phase (see Figure 8-14, page 184). There are
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significant amounts of secondary phases, including calcium oxides, uranium oxides,
and copper oxides, present in the microstructure of the 1.1 at% uranium as UCa 2 O 5
doped tape. These results assist in explaining previous XRD work (§7), as with a
greater proportion of the phase make up of the core being phases other than BSCCO,
the relative proportions of Bi-2223 and Bi-2212 may be almost arbitrary. The still
high proportion of Bi-2223 as compared to Bi-2212 found in §7, however, likely attests to either, or both, the quality of thermomechanical processing optimisation, or
the greater chemical compatibility between UCa 2 O 5 and Bi-2223 compared to
U 3 O 8 , even in such a heavily doped tape.547

Figure 8-13 Backscattered electron SEM image of microstructure of a longitudinal
section of 1.1 at% uranium (as UCa 2 O 5 ) doped Bi-2223 core from Bi-2223/Ag composite tape. The image depicts an area that is approximately 50 µm in width, and the
height of the image is the width of the core.548
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Figure 8-14 EDS elemental map of the same region shown in Figure 8-13. The meanings of the abbreviations are given in Table 8-1 (page 169). The numbers beside each
abbreviation, after the comma, indicate the relative image intensity, and thus the relative abundance of each element.

8.3 UCA1.5SR1.5O6 DOPED TAPES
UCa 1.5 Sr 1.5 O 6 doping appears to have unusual effects upon the Bi-2223 matrix. Initially, at small doping levels (0.28 at%), significant amounts of calcium and
strontium oxides are formed. The strontium oxides are obvious as the dark regions in
Figure 8-15, but the smaller lighter coloured calcium oxides are less obvious, and the
assistance of the EDS area map (Figure 8-16, page 186) is required to discern their
presence. Also present are small numbers of uranium particles, with their characteristic features of ridged spherical morphology and nearby void regions. The microstructure of this low UCa 1.5 Sr 1.5 O 6 doped core actually appears no better than the
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equivalent doping level of U 3 O 8 (Figure 8-2, page 171), and seems worse than the
0.28 at% doped UCa 2 O 5 doped core microstructure (Figure 8-9, page 179).

Figure 8-15 Backscattered electron SEM image of microstructure of a longitudinal
section of 0.28 at% uranium (as UCa 1.5 Sr 1.5 O 6 ) doped Bi-2223 core from Bi-2223/Ag
composite tape. The image depicts an area that is approximately 50 µm in width, and
the height of the image is the width of the core.
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Figure 8-16 EDS elemental map of the same region shown in Figure 8-15. The meanings of the abbreviations are given in Table 8-1 (page 169). The numbers beside each
abbreviation, after the comma, indicate the relative image intensity, and thus the relative abundance of each element.

With greater doping additions of UCa 1.5 Sr 1.5 O 6 (0.56 at%), the core microstructure (Figure 8-17) appears to be similar to undoped Bi-2223 (Figure 8-1, page
170), and contains much less secondary oxides than low (0.28 at%) UCa 1.5 Sr 1.5 O 6
doped material (Figure 8-15). This observation assists in explaining the initial drop
then rise in J c (Figure 9-11) with increasing doping levels of UCa 1.5 Sr 1.5 O 6 . The less
uniform microstructure of the 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tape (Figure 8-15)
would very likely have poorer grain connectivity than the more uniform microstructure of the 0.56 at% UCa 1.5 Sr 1.5 O 6 doped tape (Figure 8-17). The reason for the apparently worse microstructure of the 0.28 at% doped UCa 1.5 Sr 1.5 O 6 doped tape core
when compared to the higher doped 0.56 at% UCa 1.5 Sr 1.5 O 6 tape core is not clear.
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Perhaps the range of thermomechanical processing missed the optimum temperature
points for the 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tape, but a relatively more suitable
thermomechanical processing route was found for the 0.56 at% UCa 1.5 Sr 1.5 O 6 doped
tape.

Figure 8-17 Backscattered electron SEM image of microstructure of a longitudinal
section of 0.56 at% uranium (as UCa 1.5 Sr 1.5 O 6 ) doped Bi-2223 core from Bi-2223/Ag
composite tape. The image depicts an area that is approximately 50 µm in width, and
the height of the image is the width of the core.

The microstructure (Figure 8-17), however, remains comparatively damaged
compared to an undoped Bi-2223/Ag core (Figure 8-1), and contains pores, as well
as a small number of calcium oxides and uranium oxides (see the EDS area map,
Figure 8-18, for the location of calcium rich regions). The uranium oxides mostly
have the familiar rounded ridged appearance, but their accompanying void space
would appear to be smaller. A number of the uranium oxide particles, notably the
smaller ones, have the smooth rounded morphology first noted in the UCa 2 O 5 mi187

crostructure of Figure 8-9 (page 179). It would appear that this morphology is also
associated with higher Bi-2223:Bi-2212 ratios (§7) and superior physical performance (§9).

Figure 8-18 EDS elemental map of the same region shown in Figure 8-17. The meanings of the abbreviations are given in Table 8-1 (page 169). The numbers beside each
abbreviation, after the comma, indicate the relative image intensity, and thus the relative abundance of each element.

Interestingly, at high doping levels of 1.1 at% UCa 1.5 Sr 1.5 O 6 , the microstructure of the Bi-2223, shown in Figure 8-19, appears largely undamaged.548 There are
large secondary phases of calcium and copper oxides near the uranium deposits,
shown on the EDS elemental area map in Figure 8-20 (page 190), but little other
secondary phases or Bi-2212 are apparent. This is consistent with previous XRD data (§7), which showed that UCa 1.5 Sr 1.5 O 6 doping had little detrimental effect upon
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the Bi-2223/Bi-2212 phase ratio.547 Similarly here, it appears that high doping levels
of UCa 1.5 Sr 1.5 O 6 (Figure 8-19) promote better microstructural formation of Bi-2223
than no doping at all (Figure 8-1, page 170). The distribution of uranium particles
seen in Figure 8-20, is not homogenous, but many particles are small and rounded,
rather than the larger particles with ridged surfaces.

Figure 8-19 Backscattered electron SEM image of microstructure of a longitudinal
section of 1.1 at% uranium (as UCa 1.5 Sr 1.5 O 6 ) doped Bi-2223 core from Bi-2223/Ag
composite tape. The image depicts an area that is approximately 50 µm in width, and
the height of the image is the width of the core.548
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Figure 8-20 EDS elemental map of the lower portion of the same region shown in
Figure 8-19. The meanings of the abbreviations are given in Table 8-1 (page 169).
The numbers beside each abbreviation, after the comma, indicate the relative image
intensity, and thus the relative abundance of each element.

8.4 QUANTITATIVE EDS ANALYSIS OF URANIUM PHASES
During EDS investigation of the uranium doped Bi-2223/Ag cores, quantitative EDS spot scans were made of a number of uranium particles. Details relevant to
quantitative EDS scanning are presented in §4.10, in the Experimental Methods,
page 126. These scans aimed at determining the chemical stoichiometry of the uranium phases in differently doped Bi-2223/Ag tapes, and comparing the composition of
these phases to both the dopant used and the uranium phase in the doped Bi-2223
pellet (§5.2).
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Table 8-2 contains details of the average atomic ratios of bismuth, calcium,
strontium, and copper, normalised to that of uranium, in uranium deposits within the
uranium doped Bi-2223/Ag tapes.548 These results were ascertained through quantitative EDS analysis of a number of uranium containing particles. The values are averages across the various doping levels investigated (0.28 at%, 0.56-0.60 at%, and
1.1 at%).
Table 8-2 Atomic ratios of constituent elements of uranium containing phases within
differently doped Bi-2223/Ag tapes. The ± values are a single standard deviation.

Dopant
U3O8
UCa 2 O 5
UCa 1.5 Sr 1.5 O 6

U
Bi
Ca
Sr
Cu
1.00 ± 0.10 0.29 ± 0.12 1.48 ± 0.17 1.65 ± 0.16 0.33 ± 0.11
1.00 ± 0.23 0.36 ± 0.20 2.10 ± 0.52 1.24 ± 0.35 0.54 ± 0.36
1.00 ± 0.32 0.53 ± 0.25 1.77 ± 1.11 1.82 ± 0.79 0.93 ± 0.46

This EDS analysis of detectable uranium containing deposits sheds some light
upon the reasons for the observed microstructural changes (§8.1, §8.2, and §8.3). As
was noted with bulk Bi-2223 doped with uranium (§5.2, page 129), and in Table 8-2,
U 3 O 8 leached calcium and strontium from the Bi-2223 matrix.537 The equilibrium UCa-Sr oxide formed in U 3 O 8 doped Bi-2223/Ag tapes here (U : Ca : Sr = 1.00 : 1.48
: 1.65) is almost exactly the same as the U-Ca-Sr oxide formed in the uranium doped
Bi-2223 pellet in Table 5-2, on page 137, (U : Ca : Sr = 1.00 : 1.48 : 1.47). Additionally, as previously, the chemical stoichiometry of the equilibrium U-Ca-Sr oxide also
appears to be very close to the composition of UCa 1.5 Sr 1.5 O 6 . Given the significant
number of particles tested, the standard deviation places the elemental ratios as likely
to be somewhere within the range U : Ca : Sr = 0.90 - 1.10 : 1.31 - 1.65 : 1.49 - 1.81.
This variation is tightly clustered around the composition of UCa 1.5 Sr 1.5 O 6 .
Although some bismuth was present in the uranium particles of the U 3 O 8
doped tapes, the average bismuth content was only 0.29, and it had an effective
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range of 0.17 - 0.41. This is an indication that, as the various EDS area maps showed
(Figure 8-3, page 172, Figure 8-5, page 175, and Figure 8-8, page 178), bismuth was
not generally present to any significant extent in the uranium phases. Similarly, only
small amounts of copper were leached from the Bi-2223 matrix and incorporated into the uranium phase, with a mean stoichiometry of 0.33 and a range of 0.22 - 0.44.
The transformation of U 3 O 8 dopant to UCa 1.48 Sr 1.47 O x also explains the high presence of copper oxides within the core microstructures (Figure 8-2, page 171, Figure
8-4, page 173, and Figure 8-6, page 176). With calcium and strontium being taken
from the Bi-2223 matrix by the uranium in large quantities, and copper only marginally, the Bi-2223 matrix would become copper rich, promoting expulsion of excess
copper as copper oxide deposits.548
Doping with UCa 2 O 5 results in uranium containing phases with U : Ca : Sr =
1.00 : 2.42 : 1.31 (Table 8-2), indicating that some leaching still takes place, although less than in the case of U 3 O 8 . The precise stoichiometry was slightly more
variable than in the case of the uranium particles formed in U 3 O 8 doped tapes, with
the standard deviation range being U : Ca : Sr = 0.77 - 1.23 : 1.58 - 2.62 : 0.89 1.59. Interestingly, strontium was still leached to approximately the same extent as
with U 3 O 8 doping. Also interestingly, a small to moderate amount of calcium would
still appear to be leached. However, when the stoichiometry of both strontium and
calcium are combined, the lower strontium level is balanced by the higher calcium
level, for an overall (Ca,Sr) elemental composition of 2.47 - 4.21, with a mean of
3.73, which is reasonably close to the “ideal” (Ca,Sr) proportion of “3” in
U(Ca,Sr) 3 O 6 .548

192

Bismuth was again present in small amounts in the uranium phase generated
from UCa 2 O 5 dopant, although marginally greater in abundance than in the uranium
phase resultant from U 3 O 8 . The bismuth mean stoichiometry was 0.36, and its effective range was 0.16 - 0.56. Again, similar to bismuth, copper was taken from the Bi2223 matrix in small amounts, but again, in parallel to the difference between U 3 O 8
seeded uranium particles and UCa 2 O 5 originated uranium particles and bismuth
composition, the copper was slightly higher in the UCa 2 O 5 doped tape uranium
phases. Copper had a standard deviation range of 0.18 - 0.90, and a mean of 0.54.
In the case of UCa 2 O 5 doping, an effective atomic ratio of around 1.73 (Ca,Sr)
was removed from the Bi-2223 matrix, but only 0.54 of copper. As a result of this, it
is thought that the Bi-2223 matrix would have been rich in copper, which gives reason for the appearance of copper oxides in the microstructures of UCa 2 O 5 doped
tapes, shown in Figure 8-9 (page 179), Figure 8-11 (page 181), and Figure 8-13
(page 183). Comparatively more strontium (1.31) than calcium (0.42) was removed
from the Bi-2223 matrix to the uranium phases, which, again, would have left the Bi2223 matrix with excess calcium. This relationship explains the appearance of copper oxides at doping levels of 0.56 at% (Figure 8-11, page 181) and 1.1 at% (Figure
8-13, page 183).548
Leaching of calcium and strontium from the Bi-2223 matrix was minimal
when UCa 1.5 Sr 1.5 O 6 was the dopant.548 The final composition of the uranium phases
in this case, in Table 8-2 (page 191), was U : Ca : Sr = 1.00 : 1.77 : 1.82, which is
very close to the original U : Ca : Sr = 1.00 : 1.50 : 1.50 composition of the dopant.
The variability of these proportions was the greatest of the three uranium containing
dopants used. Uranium content ranged from 0.68 to 1.32, calcium content ranged
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from 0.66 to 2.88, and strontium content from 1.03 to 2.61. However, this is likely
an artefact of the smaller number of EDS spot scans that comprised the data for
UCa 1.5 Sr 1.5 O 6 doped tapes, as these data were around half the number of spot scans
used for the U 3 O 8 samples, and around a quarter of the scans used for the UCa 2 O 5
samples.
Both bismuth and copper would appear to be removed from the Bi-2223 matrix
more readily by UCa 1.5 Sr 1.5 O 6 than by the two simpler dopant compounds. Bismuth
content varied around 0.28 to 0.88, with a still low mean of 0.53. Copper, on the other hand, had a noteworthy mean of 0.93, and a standard deviation variation of 0.47 to
1.39. This more significant leaching of copper from the surrounding Bi-2223 matrix
by the UCa 1.5 Sr 1.5 O 6 dopant helps to explain the unusual observation of an increase
in strontium and calcium oxides in the 0.28 at% doped tape microstructure noted in
relation to Figure 8-15 (page 185) and Figure 8-16 (page 186). With an effective
atomic ratio of around 0.59 (Ca,Sr) removed by the uranium particles, but a higher
amount of copper, 0.93, it is hypothesised that the Bi-2223 matrix would have been
richer in calcium and strontium than in copper. Thus, the separation of calcium and
strontium oxides from the supersaturated Bi-2223 to form separate phases is reasonable. The unusually superior microstructure of the 0.56 at% UCa 1.5 Sr 1.5 O 6 doped
tape also shows the presence of calcium oxides (Figure 8-17, page 187, and Figure
8-18, page 188), for presumably the same reasons. Likewise, the relatively good
quality microstructure of the 1.1 at% doped tape (Figure 8-19, page 189) also contained calcium oxides (Figure 8-20, page 190). The lack of strontium oxides in these
last two microstructures is understandable because larger amounts of strontium were
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taken from the Bi-2223 matrix by the uranium phases, and thus there was less need
for separate strontium oxides to form.
Considering the relative amounts of the different elements leached, it would
appear that uranium will preferentially react with strontium, then calcium, then copper, and lastly bismuth. More strontium was removed than calcium, and more copper
than bismuth, in all cases. When increasingly calcium and strontium rich dopants
were employed, calcium and strontium removal was lessened, but copper was
leached to an increasingly large degree, and small increases in bismuth removal also
occurred (see Table 8-2, page 191). With U 3 O 8 , 0.33 atomic ratio of copper was taken from the Bi-2223, and 0.29 of bismuth. Using UCa 2 O 5 resulted in 0.54 atomic
ratio of copper and 0.36 of bismuth, and UCa 1.5 Sr 1.5 O 6 caused 0.93 atomic ratio of
copper and 0.53 of bismuth to be taken. It would appear that UCa 1.5 Sr 1.5 O 6 , although
superior to UCa 2 O 5 , and vastly superior to U 3 O 8 , is not an optimal dopant.548

8.5 PIXE ELEMENTAL AREA MAPPING & RBS QUANTITATIVE
ANALYSIS OF URANIUM DOPED BI-2223/AG TAPES
An interesting addition and comparison to the EDS work carried out above is
some nuclear microprobe analysis carried out by Rout et al..564 These authors are
involved in research into ion beam interactions with matter, and in particular their
research focuses on development of new characterisation techniques. A collaborative
relationship exists between the School of Physics Microanalytical Research Centre at
the University of Melbourne, where Rout et al. work, and ISEM at the University of
Wollongong, where the current work was carried out. Rout et al. were seeking multielement, phase complex, “real world” samples of semi-known chemistry, stoichiometry, and phase composition in order to test their newly developed characterisation
techniques.

The

uranium-lead-bismuth-strontium-calcium-copper-oxide

silver
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sheathed tape samples from the current work were excellent samples for their research, as these samples were reasonably characterised, but significant areas remained to be quantified.
For their work, Rout et al. employed a novel technique, proton induced X-ray
emission (PIXE), which involves scanning a sample with a 3 MeV proton microbeam and measuring emitted X-rays, in a manner analogous to EDS.564 Additionally, Rout et al. also used another novel technique, Rutherford backscattering spectrometry (RBS), which involved scanning a sample with a 2 MeV helium nucleus
beam, in much the same way as PIXE.564 PIXE is used for area mapping, much like
EDS area mapping, and RBS allows for quantitative analysis of elemental composition.564 Excess samples of the uranium doped tapes produced at ISEM for the research reported here were provided to Rout et al. for their analysis, and so their results are directly comparable with findings here. Their published work includes data
from the series of tapes with 0.56 at% doping levels, and the control sample.564 Some
additional data were provided personally, some of which will be included here.565
Area maps generated by Rout et al. using PIXE were of transverse cross sections of tape, rather than longitudinal cross sections as used in the current work.564
Nonetheless, their maps show some important information, which both supports the
current findings, and adds to them. Figure 8-21 shows the distribution of elements in
the undoped control tape.565 Immediately obvious is the inhomogeneous distribution
of a number of elements, notably copper, as also seen in Figure 8-1 (page 170), but
also of bismuth and lead. The lead distribution is particularly interesting, as this indicates that unreacted precursor phases are probably still present in the control sample.564 It is worth noting that their results need to be considered with caution, as the
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“uranium” distribution appears to fairly closely match the bismuth distribution, and
the undoped control sample contains no uranium. The intensity of “uranium” in the
control sample map is very low, but the figures can be easily misinterpreted if care is
not taken.
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Sr

Pb

Ag

120 µm
Figure 8-21 PIXE elemental distribution area map of transverse section of undoped
Bi-2223/Ag tape.565

A PIXE area map of the 0.56 at% U 3 O 8 doped tape was also made, but is not
shown, and was comparable to Figure 8-5 (page 175).565 The PIXE area map showed
inhomogeneous copper and uranium distribution, but a more homogenous bismuth
distribution. Figure 8-22 is a PIXE area map of the 0.56 at% UCa 2 O 5 doped tape.565
This elemental distribution area map may be compared to Figure 8-12 (page 182),
and it shows the presence of a number of copper rich particles, as well as inhomoge-
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nous distributions of bismuth, strontium, uranium, and lead. Once again, the lead distribution is clearer on the PIXE map than the EDS map. The strontium distribution is
somewhat difficult to discern on the PIXE map as compared to the EDS map, and the
PIXE maps do not show calcium distribution at all. The lack of calcium data is a limitation of the experimental configuration employed for the work, and measures could
be taken to incorporate calcium detection in future scans.564
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Figure 8-22 PIXE elemental distribution area map of transverse section of Bi-2223/Ag
tape doped with 0.56 at% uranium as UCa 2 O 5 .565

The presence of lead rich regions likely indicates that unreacted precursor
powders, which contain lead compounds, remain as a part of the microstructure of
the tapes after final processing. This concept indicates that uranium doping interferes
with Bi-2223 phase formation, rather than interacts with the formed Bi-2223, as was
implicitly assumed in the discussions above (§8.4). The difference is largely concep198

tual, as whether uranium reacts directly with precursor compounds during formation,
or extracts elements from the formed Bi-2223 matters little to the end result. In the
end, the uranium ties up various elements that are critical to the formation of Bi2223. As a result, the observed residual oxides (such as copper oxide, calcium oxide,
and strontium oxide) are formed, or compounds containing these elements present in
the precursor powder remain unreacted through final processing. However, the sequence of occurrences is important to remember for future work on processing conditions for uranium doped Bi-2223/Ag.
A PIXE area map of the 0.56 at% UCa 1.5 Sr 1.5 O 6 doped tape was produced,
which is not shown, but was similar to Figure 8-18 (page 188).565 Copper and uranium were clearly visible as being concentrated in particular regions, but the overall
homogeneity of the elemental distribution was superior to that of PIXE maps for
similarly doped U 3 O 8 tapes and UCa 2 O 5 doped tapes (Figure 8-22), and comparable
to the undoped tape (Figure 8-21, page 197).
An elemental distribution map that was available as a PIXE scan but which
had no comparable EDS scan was for the 2 at% UCa 1.5 Sr 1.5 O 6 doped tape, and this
scan is shown in Figure 8-23.565 The distribution of elements is surprisingly homogenous for such a high doping level. Comparing the PIXE map to the closest EDS
map, that for the 1.1 at% UCa 1.5 Sr 1.5 O 6 doped tape, in Figure 8-20 (page 190) would
imply that the 2 at% doped sample had a greater uniformity of distribution of elements than the 1.1 at% doped sample. As with the other PIXE maps (Figure 8-21,
page 197, and Figure 8-22), calcium data was absent, strontium distribution appeared
to be roughly homogenous, and the presence of lead rich regions was clearly shown.
Both bismuth and copper were comparatively homogenous, which was comparable
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to the EDS map for the 1.1 at% doped tape (Figure 8-20), or slightly better. Overall,
the PIXE map indicated no grave impact on the microstructure of the Bi-2223 core
as a result of doping with 2 at% uranium in the form of UCa 1.5 Sr 1.5 O 6 .
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120 µm
Figure 8-23 PIXE elemental distribution area map of transverse section of Bi-2223/Ag
tape doped with 2.0 at% uranium as UCa 1.5 Sr 1.5 O 6 .565

The distribution of uranium in the 2 at% UCa 1.5 Sr 1.5 O 6 doped tape as shown in
the PIXE map (Figure 8-23) was much more homogenous in this sample than other
samples, with around half of the microstructure having a fairly consistent level of
uranium, and the other half having probably very little. The “very little” interpretation is based on the comparison of intensity levels between the 2 at% UCa 1.5 Sr 1.5 O 6
doped sample (Figure 8-23) and the undoped sample (Figure 8-21, page 197), and
assuming that the intensity of the undoped sample’s “uranium” distribution repre-
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sents some sort of “background” level. This “background” level is similar to the remaining 50% or so of the 2 at% UCa 1.5 Sr 1.5 O 6 doped tape.
RBS analysis carried out by Rout et al. concentrated on areas of the core microstructure that did not contain any apparent inclusions.564 The elemental compositions of the various tapes that they tested are given in Table 8-3.564 There are two
initial notable pieces of information readily determined from Table 8-3. The first is
that the compositions varied greatly, especially in regards to calcium, copper, and
oxygen. Secondly, the accuracy of RBS, as indicated by the “±” values, would appear to be fairly high. The exception to the accuracy is calcium, which, as mentioned
above, was difficult to accurately detect with the experimental configuration employed, and oxygen, which required special techniques to detect at all.564
Table 8-3 Elemental composition of “matrix” phase in 0.56 at% uranium doped Bi2223/Ag tapes as determined by RBS.564
Dopant
U
Bi
Pb
None
0
2 0.380±0.006
U3O8
0.15±0.01 2 0.32±0.01
UCa 2 O 5
0.07±0.01 2 0.380±0.003
UCa 1.5 Sr 1.5 O 6 0.09±0.02 2 0.401±0.004

Sr
1.72±0.04
1.42±0.09
1.78±0.07
1.85±0.08

Ca
1.9±0.4
3.2±0.3
4.4±0.3
3.4±0.05

Cu
3.2±0.1
1.57±0.05
5.84±0.06
4.30±0.09

O
Ag
12±1
11±1 0.65±0.04
15±1
14±1

It is interesting to compare the relative stoichiometry of the “matrix” phase as
detected by Rout et al. via RBS, and the nominal stoichiometry of the initial precursor powder plus dopant mixture.564 This comparison is made in Table 8-4, in which
stoichiometries are normalised to a bismuth value of 1.8, which is the nominal bismuth stoichiometry in the precursor powder, and also the element to which Rout et
al. normalised their RBS results.564
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Table 8-4 Nominal and RBS determined stoichiometries of 0.56 at% uranium doped
Bi-2223/Ag tape “matrix” phase.564
Dopant
None
U3O8

Nominal Stoichiometry
RBS Stoichiometry
Bi 1.8 Pb 0.33 Sr 1.87 Ca 2 Cu 3 O 10.7
Bi 1.8 Pb 0.34 Sr 1.55 Ca 1.7 Cu 2.9 O 11
U 0.05 Bi 1.8 Pb 0.33 Sr 1.87 Ca 2 Cu 3 O 10.19 U 0.14 Bi 1.8 Pb 0.29 Sr 1.28 Ca 2.9 Cu 1.41 O 1
0

UCa 2 O 5
U 0.05 Bi 1.8 Pb 0.33 Sr 1.87 Ca 2.1 Cu 3 O 10.32 U 0.06 Bi 1.8 Pb 0.34 Sr 1.6 Ca 4 Cu 5.26 O 14
UCa 1.5 Sr 1.5 O 6 U 0.05 Bi 1.8 Pb 0.33 Sr 1.92 Ca 2.05 Cu 3 O 10.3 U 0.08 Bi 1.8 Pb 0.361 Sr 1.66 Ca 3.1 Cu 3.9 O 1
2

3

For many elements, the nominal and RBS stoichiometries determined by Rout
et al. agree closely.564 This is the case for bismuth and lead in particular.564 Strontium values are close, but calcium, copper, and oxygen values are only close in the
undoped sample.564 In the doped samples, the calcium, copper, oxygen, and uranium
values appear to be essentially random in the RBS determined stoichiometries.564 No
particular reason for this is given by Rout et al., but in their article, they make mention that they employed PIXE area maps to select “homogenous parts” of the samples for RBS analysis.564 As discussed above, the spatial resolution of the PIXE
maps is superior to EDS maps for some elements, but worse than EDS for other elements. Additionally, EDS area maps are considerably lower resolution than
backscattered SEM images, such as those in this chapter, and thus even they may be
inaccurate for determining location of secondary phases and particles. It is likely that
when selecting “homogenous” regions for RBS analysis, that Rout et al. failed to
notice smaller deposits of various elements, and their results were influenced by the
presence of secondary phases in the RBS data.
Quite possibly, the U 3 O 8 doped sample RBS data region contained small uranium particles and some calcium particles. The presence of uranium particles is likely, given that even small particles may have been at a low concentration, and thus
difficult to discern on a PIXE map. Calcium particles could very likely have been
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present, given that the experimental apparatus was configured in such a way as to
inhibit the collection of calcium related X-rays.564 Similarly, there is reason to believe that calcium rich regions were within the RBS data area for the UCa 2 O 5 and
UCa 1.5 Sr 1.5 O 6 doped tape samples, and possibly copper particles as well.
One interesting result from the RBS data of Rout et al. is that even in the “homogenous” matrix regions of the doped Bi-2223 cores, uranium still would seem to
appear in noteworthy proportions. If it can be assumed that they managed to eliminate the majority of uranium containing particles from their RBS data areas, then a
still very high amount of uranium is present in the core in some homogenously distributed form. This is somewhat contrary to the EDS results above, which would appear to have a low “background” level of uranium. However, the magnitude of the
uranium detected by the RBS analysis is much lower than the effective quantitative
capabilities of EDS. RBS can accurately measure elemental compositions down to
around 0.05% if the “±” values in Table 8-3 (page 201) are accurate, compared to
around 1% for EDS.564 So it would seem that, even though uranium is apparently
inhomogenously distributed throughout the core microstructure, it is also simultaneously reasonably homogenously distributed at a lower elemental composition as
well. This finding agrees with the reports of Luborsky et al., Schulz et al., and Guo
et al., that low levels of uranium (less than around 0.3 at%) do not form discreet particles.27,30,472,478
Rout et al. also scanned for the presence of silver, and found that the interfaces
for most tapes were smooth and sharp, but for the U 3 O 8 tape they found silver had
penetrated significantly into the tape core.564 They used linear profiling, much like
EDS line scanning (Figure 5-7, page 136), of two different silver X-ray peaks.564 As
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the two X-ray wavelengths have different adsorption levels in the core material, the
presence of one wavelength and not the other within the core indicates the presence
of silver at a depth comparable to the adsorption distance below the transverse cross
section of the tape.564 Seeing as the cross section is transverse, there should be no
silver directly underneath the core. They attribute the presence of silver within the
core to porosity and silver migration.566 This is possible, as significant porosity was
observed in the microstructure of the 0.56 at% U 3 O 8 doped tape in Figure 8-4 (page
173). Additionally, depending on the penetration distance of the incident protons
used for PIXE mapping, and the adsorption distance of the emitted silver X-rays, the
silver contributions within the “core” might also be due to undulating irregularities
in interface position along the longitudinal direction of the tape. Such undulations
are common in Bi-2223/Ag tapes, as discussed in §2.2.5 (page 18), and may have
been present in the tapes synthesised for this work to some extent. If undulations of
this nature were present, then they could possibly cause some portions of the silver
sheath to be below the core region that was observed in an arbitrary transverse cross
section, such as that used by Rout et al..564
As part of their work in researching ion beam analysis techniques, Rout et al.
presented a new technique for determining phase purity and elemental correlation in
multi-phase samples such as uranium doped Bi-2223/Ag.564 This method is promising, as it uses PIXE area maps of large areas of multi-phase samples, and presents
the data as correlations between two elements.564 This shows the relative stoichiometry of any two given elements, and gives an indication of the common phases that are
present.564 The technique is largely qualitative at this stage, but should be able to
present quantitative data with further refinement.564 Nonetheless the results of this
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method provide interesting correlations between commonly observed elemental ratios, and thus significant phases, within the tape cores. The technique was able to determine, for instance, that the uranium compounds influenced the composition of
secondary phases more than the composition of primary matrix phases such as
BSCCO, with the various uranium compound dopants producing different common
secondary phases.564

8.6 SUMMARY
Doping Bi-2223/Ag with uranium compounds in the range 0.28 to 2 at% uranium often dramatically alters the core microstructure. Increased secondary phases
such as copper and calcium oxides, formation of Bi-2212, and growth of voids are
common defects present in doped core microstructures. U 3 O 8 doping was the most
damaging to the core microstructure, with the higher levels of 0.56 and 1.1 at% causing severe disruption. UCa 2 O 5 was reasonably compatible with Bi-2223, but as
quantitative EDS analysis showed, the dopant disrupted the stoichiometry of the core
by leaching strontium, which resulted in residual precursor phases remaining unreacted. UCa 1.5 Sr 1.5 O 6 was much more compatible as a uranium dopant for Bi2223/Ag than either of the other uranium phases tested, even up to doping levels of 2
at%. However, it still reacted with precursor phases, notably copper containing compounds, and deprived the ideally Bi-2223 matrix of sufficient copper to form pure
Bi-2223.
In the next chapter, the variation of physical performance (mainly critical current and critical current density) are investigated for the full spectrum of thermomechanical processing across all doped tape samples. The performance characteristics
of the various tapes depend strongly on their microstructure, as detailed in this chap-
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ter. After selection of the optimum performance point for each doped tape, the differences between relative performance are largely due to the observed microstructural differences detailed above, and also due to the varying relative Bi-2223 and Bi2212 phase proportions detailed in the previous chapter.
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9

URANIUM DOPING OF BI-2223/AG: PHYSICAL PROPERTY VARIATIONS
The ultimate aim of doping Bi-2223/Ag with uranium is to subsequently neu-

tron irradiate enriched uranium doped processed tapes and enhance their flux pinning. However, doping with uranium oxides has previously been shown to significantly reduce the critical current in Bi-2223/Ag tapes.27,30 With such detrimental effects of doping, even if subsequent fission enhancements are substantial, little overall
performance is gained. It is therefore a primary aim of this work to maximise the
critical current density of uranium doped tapes. This chapter presents results of critical currents and how they vary with doping compound, doping level, and thermal
processing. The results of this chapter were used in previous chapters, primarily for
the selection of optimally thermomechanically processed tapes for other investigations of their structure. However, to understand the reasons for the performance variations shown in this chapter, knowledge of the underlying structure-property relationships elaborated in previous chapters is required.
Before doping with enriched uranium, it is important to optimise the processing parameters of the uranium compound doped Bi-2223/Ag. This will allow for
a greater uranium addition whilst minimising losses in superconducting performance. With the concepts relating to Bi-2223/Ag thermomechanical processing discussed in §2.2.3 (in the Literature Review, page 15) forming the background, a series
of thermomechanical process variations was devised and carried out. Information
relating to this sequence can be found in §4.5 (in the Experimental Methods, page
117). Briefly, the two step thermomechanical processing routine involves a “first”
sinter at a particular temperature, followed by an intermediate mechanical deformation, and a “second” sinter. The “second” sinter has two steps, the first being the
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same temperature as the “first” sinter, and the second being the “second” sintering
temperature. Variation of the “first” sintering temperature is critical for optimisation
of doped Bi-2223/Ag tapes, and variation of the “second” temperature will also alter
the tape performance. Both these temperatures were varied in the current work, but
particular attention was paid to the “first” temperature.

9.1 CROSS SECTIONAL AREA OF BI-2223 CORES
The primary physical property of interest relating to Bi-2223/Ag tapes is their
critical current density. It is not possible to directly measure the critical current density, as it is dependent on both the critical current (Ic ) and the cross sectional area
that is carrying the current. Transport critical currents for the tapes were measured as
detailed in §4.6, in the Experimental Methods, page 120. Cross sectional areas of the
superconducting tape cores were measured as detailed in §4.11, in the Experimental
Methods, page 126. The cross sectional areas of the superconducting Bi-2223 cores
of a number of Bi-2223/Ag tapes are shown in Table 9-1. The transport critical current is divided by the cross sectional area of the current carrying core to determine
the transport critical current density, which is plotted in the figures throughout this
chapter.
Table 9-1 Cross sectional areas for representative Bi-2223 tape cores. See §4.3.2 for
elaboration on the “single” and “double” grinding denotations.

Dopant
Undoped
U3O8
UCa 2 O 5
UCa 2 O 5
Average

Grinding
Double
Single
Single
Double
-

Cross Sectional Area (µm2)
90766.6
73619.0
78924.8
127676
92746.6

A word of caution is probably in order when considering cross sectional areas
of lengths of tapes. Due to the mechanical deformation involved in processing the
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superconductor/metal composites, and the unequal mechanical properties of the ceramic superconducting core and metallic silver sheath, a perfectly consistent core
cross sectional area is highly improbable. As discussed in §2.2.5 (page 18), undulating longitudinal irregularities, often known colloquially as “sausaging”, are inevitably present to some extent in Bi-2223/Ag tapes processed with the methods employed in this work. As a result of this, any cross sectional area measurement may
not necessarily be representative of the entire length of a sample. Unfortunately, it
was not practicable to make repeated cross sectional area measurements of each the
large number of tape samples used in this work. This was due primarily to the significant number of tape samples, but also as a result of the materialographic preparation
(§4.9 in the Experimental Methods, page 124) required for each cross sectional area
measurement. It is expected that the critical current densities presented may not be as
precise as they may appear. However, given the general consistency of the results, it
is reasonable to assume that, by and large, the cross sectional area measurements
were approximately representative of the samples.

9.2 VARIATION OF JC
The critical current density varies with four parameters. The first of these parameters is T 1 , or the “first” sintering temperature (§4.5, in the Experimental Methods, page 117), which has 16 degrees of freedom (the 16 T 1 temperatures). The second variable is T 2 , or the “second” sintering temperature (§4.5, in the Experimental
Methods, page 117), which has 3 degrees of freedom. The third variable factor is the
uranium compound, of which there are five (including the undoped control sample).
Lastly, there are also five doping levels (including the undoped control sample).
Since the undoped control sample only needs to appear once, the four parameters
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have 16, 5, 4, and 3 degrees of freedom. The data do not lend themselves to a static
single view 3D graphical presentation. A 2D graphical figure is required to hold two
of the variables constant, so the optimal selection would be to hold T 2 and either the
uranium compound or doping level constant. This would require twelve figures to
display all the available data. The twelves figures would display the variation of J c
with T 1 for each uranium dopant at a set doping level and T 2 . Alternatively, the
twelve figures would display the variation of J c with T 1 for each doping level for a
set uranium dopant and T 2 . The former option, that of setting doping level and T 2 to
be constant per figure, probably shows the most useful information.
The major drawback to presenting the data in the above described way is the
relative inability to correlate the static variables. This is because to, say, compare the
effect on J c of the doping level of any given compound would require looking at five
figures simultaneously. Similarly, to gauge the effect of changing T 2 on the same
doping level of a particular compound would require simultaneously looking at three
separate and widely spaced figures. An effort was made to present duplicates of the
data, in much the same way as the XRD phase data in §7, on page 155, were reproduced in a second set of tables for easier comparison. However, it quickly became
obvious that an enormous number of figures would be generated if all combinations
of all variables were to be presented in appropriately designed figures (some 239,
though in practice much less, around 100, because, for instance, not all dopants were
doped at all doping levels).
Fortunately, it is not necessary to present all the available data. Intelligent selection of figures that are either representative, or that show information of particular
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interest, will significantly cut down the number of figures required. With appropriate
discussion, the significance of the variation of parameters will become clear.
For ease of comparison, the figures have all been scaled to the same Y axis
limit, 20 000 Acm-2 critical current. Although some figures may not use the entire
figure space, this is intentional as it allows more rapid assimilation of the data presented. Figures that appear (on paper) to have low or high values compared to others
do indeed have such expected values. For figures with the same X axis, such as T 1 or
doping level, the same principle has been applied and the X axis has been scaled to
the same magnitude in each figure.

9.2.1 Variation of Jc with Thermomechanical Processing (T1 & T2)
The most basic presentation of the available data is to display the effect of variation of the two thermal processing temperatures, T 1 and T 2 , on the critical current
density of tape doped with a specific level of a certain dopant compound. This
presentation of the data has little comparative merit for assessment of different dopant materials, as the data only shows a single compound and a single doping level.
However, such a presentation of data easily shows the relative optimisation of thermal processing parameters for a particular tape. As one of the primary aims of the
current work was to optimise the thermal processing conditions for each dopant and
each doping level, figures of this sort are extremely useful.
Figure 9-1 shows the variation of critical current for the undoped control sample, as the two temperatures T 1 and T 2 were changed throughout the thermal processing repetitions. The T 2 =815 oC data are the most complete, as they are for all
tapes, and they show the characteristic peak in critical current at a fairly narrowly
defined temperature of a little under 840 oC. The initially selected T 2 value of 815 oC
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may have been too low for complete optimisation of thermal processing, as it appears that T 2 values of 820 and 825 oC may have resulted in slightly superior performance to the T 2 value of 815 oC, at least at some T 1 temperatures. Whether a
fuller spectrum of matching T 1 values to complete the T 2 =(820,825) oC data lines
would have generated a J c value higher than the peak of the 815 oC curve is unknown. However, the very low value of the 825 oC line at around 835 oC indicates
that this may not necessarily be the case.

20000
18000
16000

Jc (Acm-2)

14000
12000
10000
8000
6000
4000

X-815 oC
X-820 oC
X-825 oC

2000
0
827

829

831

833

835

837

839

841

843

845

Temperature (oC)
Figure 9-1 Variation of critical current of control (undoped) tape with thermal processing. The X-axis indicates the “first” sintering temperature (T 1 ), while the three
curves are for “second” sintering temperatures (T 2 ) of 815, 820, and 825 oC. Error
bars represent one standard deviation of experimentally recorded results.

In contrast to the undoped sample (Figure 9-1), the 0.28 at% U 3 O 8 doped sample shows an apparently much flatter J c variation with “first” sintering temperature,
shown in Figure 9-2. The critical current density of this sample never “peaks”, and
remains relatively flat across almost the whole temperature range explored. The variation in J c of the 1.1 at% doped U 3 O 8 tape with sintering temperatures (Figure 9-8,
page 223) is also largely flat, and additionally runs almost on top of the X axis (ie, is
212

close to zero at all temperature combinations). It is noted that a similar phenomena to
the control sample with respect to the higher T 2 temperatures also manifests with the
0.28 at% doped U 3 O 8 sample. There are some T 1 values for which one or both of the
higher T 2 values exceed the J c obtained for a T 2 value of 815 oC. In fact, the T 1 -T 2
combination of 845-820 oC is actually the most reliable high point on the graph.
However, the variability of the T 2 =815 oC data point at 834 oC is such that it could
potentially easily exceed the J c for the 845-820 oC data point if a greater number of
additional high results were obtained for this thermal processing condition.
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Figure 9-2 Variation of critical current of 0.28 at% U (as U 3 O 8 ) doped tape with
thermal processing. The X-axis indicates the “first” sintering temperature (T 1 ), while
the three curves are for “second” sintering temperatures (T 2 ) of 815, 820, and 825 oC.
Error bars represent one standard deviation of experimentally recorded results.

The variability of J c data is largely due to the variation of Ic data. As discussed
in §4.5 (in the Experimental Methods, page 117), limited tape samples could be produced. A side effect of this is that limited tape samples are available for measurement for each combination of T 1 , T 2 , dopant, and doping level. Bi-2223/Ag tapes,
especially after the intermediate pressing stage, are comparatively fragile. Addition213

ally, longitudinal variation in the core thickness (see §2.2.5 in the Literature Review,
page 18), as well as localised microstructural inhomogeneities (see §8, page 167),
can result in even two closely spaced and identically treated tape samples cut from
the same length of tape having different performance characteristics. Most of the
significantly variable J c values seen in these figures can be attributed to a combination of these effects. A limited sample size, typically two to six individual tapes,
means that a significant variation in Ic of even a single tape will produce a statistically variable result. The situation is not quite so grim, however, as inspection of Figure
9-2 will show that most data points have small variation in typical range (as indicated by the standard deviation bars), which is an indication that the several tapes tested
for each data point had very similar physical performance.
Critical current variations with sintering temperature for the tapes doped with
different levels of UCa 2 O 5 were somewhere in between the trends for the undoped
and U 3 O 8 doped tapes. These tapes had a “smooth” curve, which was less steep than
the curve for undoped tapes, but which still had a noticeable peak in J c at particular
sintering temperatures. The variation for 0.28 at% UCa 2 O 5 doped tapes is shown in
Figure 9-3, with the broad peak centred somewhere around 834 oC.
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Figure 9-3 Variation of critical current of 0.28 at% U (as UCa 2 O 5 ) doped tape with
thermal processing. The X-axis indicates the “first” sintering temperature (T 1 ), while
the three curves are for “second” sintering temperatures (T 2 ) of 815, 820, and 825 oC.
Error bars represent one standard deviation of experimentally recorded results.

A number of the later produced tape samples, mainly the UCaSrO 5 doped
tapes and the highly doped 2 at% UCa 1.5 Sr 1.5 O 6 doped tape were subjected to a more
full range of T 2 treatments. This allowed, in a quantitative sense, a direct comparison
of the different T 2 sintering temperatures across a larger range of T 1 sintering temperatures. Figure 9-4 shows the variation of J c for the 1.1 at% doped UCaSrO 5 sample with full data for T 2 values of 815 and 820 oC and partial data for the T 2 value of
825 oC. As was speculated above, the general trend is that only at a few odd points
do the T 2 performance values for 820 and 825 oC exceed the performance of 815 oC.
On the whole, a T 2 value of 815 oC generated superior J c values for most of the T 1
range explored. The same general trend was shown for the 0.57 at% doped UCaSrO 5
sample and the 2 at% doped UCa 1.5 Sr 1.5 O 6 doped sample. Qualitatively, it is reasonable to propose that a similar relationship would likely exist with the other uranium
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containing dopants, and that, in many cases at least, T 2 values of 815 oC were reasonable for the pursuit of high J c .
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Figure 9-4 Variation of critical current of 1.1 at% U (as UCaSrO 5 ) doped tape with
thermal processing. The X-axis indicates the “first” sintering temperature (T 1 ), while
the three curves are for “second” sintering temperatures (T 2 ) of 815, 820, and 825 oC.
Error bars represent one standard deviation of experimentally recorded results.

One common exception appeared from the above generalisation regarding the
common superiority of T 2 =815 oC over the values of 820 and 825 oC. This exception
can be seen in Figure 9-4, and it was often noted in other similar figures that have
not been shown, to the extent that it occurred perhaps 50% of the time. The exception is the T 1 temperature of 845 oC, which often had J c values for corresponding T 2
values of 820 and 825 oC that were not only higher than the corresponding 845-815
o

C combination, but were also higher than any other temperature combination. As

such, for a small number of tapes, the optimum thermal processing combination
would appear to be 845-82X oC, with the X being somewhere around 0 to 5. No particular reason can be offered for this trend, but it is noted that the intermediate pressing between some of the later series of tapes, such as the T 2 values of 820 and 825
216
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C, was carried out in a slightly different manner to the earlier T 2 =815 oC tapes. It is

conjectured that perhaps the difference in performance might be attributable to slight
differences in intermediate mechanical deformation, rather than to differences in
thermal processing.
The above hypothesis is reasonable, especially considering the often seen porosity in the microstructures of uranium doped tapes in §8. With porosity dramatically affecting grain connectivity, even small variations in pressing pressure or time
may be sufficient to influence final J c values to a greater extent than thermal processing. This is unfortunate, as it somewhat impairs the easy and direct comparison
of differently thermally treated tapes, which was the aim of this portion of the work.
A comparison of the effects of varying intermediate pressing times and pressures
was considered both irrelevant to the current work, and beyond the scope of the current work. As it resolves, variation of intermediate pressing times and pressures may
not be irrelevant at all, considering the discussion in this paragraph. Nonetheless, it
is the domain of future work.
While the above paragraph might make it appear that the T 2 values of 820 and
825 oC can not be directly compared, and that their values might need to be excluded, this is probably not the case in practice. For one, a very similar set of variations
of thermal treatments for T 2 values of 820 and 825 oC was carried out for each sample, so the variation was, more or less, equally applied to all samples. No particular
samples should have been, in principle, disadvantaged or advantaged by this variation. This point is limited a little by knowledge of the fact that, in all likelihood, the
particular T 1 -T 2 combinations explored with T 2 values of 820 and 825 oC may probably have been closer to the optimal sintering temperatures for some compound
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doped tapes than for other tapes. However, when the actual maximum J c values determined from T 2 values of 820 and 825 oC are compared against the maximum J c
derived from T 2 =815 oC thermal processing, the magnitudes of the values generally
differ by only a few percent. As such, although it may, in some ways, appear to be
problematic, in the final analysis the differences are minor. This point will be further
discussed in §9.3, which compares the J c values of optimally processed tapes.

9.2.2 Variation of Jc with Uranium Doping (Compound & Doping
Level)
At the various different T 1 and T 2 sintering temperature combinations employed, the comparative performance of each tape varied considerably. Depending
on the proximity of the individual thermal processing schedule to the optimal thermal processing schedule for each specific combination of dopant and doping level,
each tape would have good or poor J c . Figure 9-5 shows J c versus doping level for
the various dopants at all doping levels at thermal processing condition T 1 =840 oC
and T 2 =815 oC. Under such conditions, J c decreases monotonically with increasing
uranium doping level for U 3 O 8 , UCa 2 O 5 , and UCaSrO 5 doped tapes. J c for the
UCa 1.5 Sr 1.5 O 6 doped tape initially drops at low doping levels (0.28 at%), then increases, and finally essentially follows the same monotonically decreasing trend as
for tapes doped with the other dopants. The relative losses in J c are initially similar
for all dopants, and begin to diverge at higher doping levels, with dopants containing
less strontium and calcium exhibiting lower J c values.
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Figure 9-5 Variation of critical current with doping level of U 3 O 8 , UCa 2 O 5 ,
UCaSrO 5 , and UCa 1.5 Sr 1.5 O 6 doped tapes heat treated with T 1 = 840 oC and T 2 = 815
o
C. Error bars represent one standard deviation of experimentally recorded results.

Under certain conditions, J c for UCa 1.5 Sr 1.5 O 6 doped tapes even exceeds that
for undoped tapes. Figure 9-6 shows the variations in J c for the various dopants at all
doping levels for the thermal processing condition T1=845 oC and T2=820 oC. With
these sintering temperatures, the Bi-2223 core of the undoped tape forms improperly,
and the performance of the 0.56 at% UCa 1.5 Sr 1.5 O 6 doped tape is greater than even
the undoped tape. Figure 9-6 also shows a more important, and more commonly observed trend. Like the variations of J c in Figure 9-5, the general trend in performance
was firstly UCa 1.5 Sr 1.5 O 6 with the highest J c values, then UCaSrO 5 , followed by
UCa 2 O 5 , and lastly U 3 O 8 doped tapes.

219

20000

U3O8
UCa2O5
UCaSrO5
UCa1.5Sr1.5O6

18000
16000

Jc (Acm-2)

14000
12000
10000
8000
6000
4000
2000
0
0

0.5

1

1.5

2

Doping Level (at% U)
Figure 9-6 Variation of critical current with doping level of U 3 O 8 , UCa 2 O 5 ,
UCaSrO 5 , and UCa 1.5 Sr 1.5 O 6 doped tapes heat treated with T 1 = 845 oC and T 2 = 820
o
C. Error bars represent one standard deviation of experimentally recorded results.

Once again in Figure 9-6, as mentioned above in relation to Figure 9-5, J c for
the 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tape is initially the lowest, even being lower than
the J c for equivalently doped U 3 O 8 doped tapes. In fact, the J c of the 0.28 at%
UCa 1.5 Sr 1.5 O 6 doped tape was lower than even the 0.56 and 1.1 at% UCa 1.5 Sr 1.5 O 6
doped tapes, and was comparable to the 2 at% UCa 1.5 Sr 1.5 O 6 doped tape. Of course,
the particular sintering condition shown was obviously not optimal for 0.28 at%
UCa 1.5 Sr 1.5 O 6 doped tapes, so a comparatively worse performance might be expected. However, the occurrence of an initial drop for the UCa 1.5 Sr 1.5 O 6 doped tape
series, with the 0.28 at% doped tape having worse performance than the 0.56 at%
doped tape, and often worse performance than the 1.1 at% doped tape, was particularly prevalent throughout the experimental series. In fact, the same trend is evident
in the fully optimised J c values in Figure 9-11. More discussion will be given to this
topic in §9.3, where the fully optimised J c values are considered.
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In much the same way as UCa 1.5 Sr 1.5 O 6 doped tapes could exceed the performance of undoped tapes under particular thermal treatment conditions (Figure 9-6),
the other trends discussed above also had their exceptions. Figure 9-7 shows the variation of J c for all dopants and all doping levels for thermal treatment with the T 1 T 2 =828-815 oC combination. Under this relatively low sintering regime all tapes,
including the undoped tape, experienced generally low J c values. In this particular
circumstance, the best performing tapes at 0.28 and 0.56 at% doping levels were
UCa 2 O 5 and U 3 O 8 , which exceeded even the undoped tape J c value.
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Figure 9-7 Variation of critical current with doping level of U 3 O 8 , UCa 2 O 5 ,
UCaSrO 5 , and UCa 1.5 Sr 1.5 O 6 doped tapes heat treated with T 1 = 828 oC and T 2 = 815
o
C. Error bars represent one standard deviation of experimentally recorded results.

The other reason Figure 9-7 was selected is because it shows that, again, the
trend of the UCa 1.5 Sr 1.5 O 6 doped tapes having worse performance at the lower doping level of 0.28 at% was not universal. This particular combination of thermal
treatment temperatures actually favoured the 1.1 at% UCa 1.5 Sr 1.5 O 6 doped tape over
either of the lower doping levels. However, having said that the trend for lower per-
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formance of the 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tapes was not overriding, it must be
said that it was unexpectedly common.

9.2.3 Variation of Jc with “First” Sintering Temperature and Doping Level (T1 & at%)
The most significant sintering temperature is the “first” sintering temperature,
T 1 . This temperature is the temperature at which the entire first sintering operation is
held, and is also the temperature for the first half of the second sintering operation.
Variation of the parameter T 1 is expected to have a significant effect on J c that is only superseded by variation of dopant and/or doping level. Figure 9-8 shows the significance of doping level and first sintering temperature on the final tape J c . The
tapes selected for the figure are the U 3 O 8 doped tapes, as these most clearly show
the variation of J c with doping level. Although sample variability results in some
level of crossover between the J c values of differently doped tapes, the overall trend
of the data in Figure 9-8 is fairly clear. An increase in doping level roughly pushes
the entire J c vs T 1 curve to lower J c values. The effect with low doping level (0.28
at%) is not so pronounced, and the 0.28 at% doping level J c vs T 1 curve runs only
some 5000 A.cm-2 below the undoped J c curve. However, as mentioned in §9.2.1,
the curve for the highest doping level of 1.1 at% runs almost flat between zero and
1000 A.cm-2. Interestingly, the U 3 O 8 doped tapes perform comparatively better
when subjected to lower T 1 sintering temperatures than the undoped tape. This is
overall not too surprising, as DTA/TG data originally showed that uranium additions
depressed the melting temperature of Bi-2223 (see §5.1, page 127). Bi-2223 is processed at temperatures very close to the melting temperature, to enhance phase formation, and so with uranium doping, phase formation would be comparatively enhanced at lower temperatures.
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Figure 9-8 Variation of critical current with T 1 and doping level for U 3 O 8 doped
tapes. Tapes heat treated with T 2 = 815 oC. Error bars represent one standard deviation of experimentally recorded results.

In contrast to the U 3 O 8 doped tapes (Figure 9-8) are the uranium compound
doped tapes. When the Bi-2223/Ag is doped with more chemically compatible uranium compounds, all of the J c vs T 1 curves for a particular compound shift to higher
J c values and take a position closer to the undoped curve. Figure 9-9 shows the series
of J c vs T 1 curves for the UCa 1.5 Sr 1.5 O 6 doped tapes; UCa 2 O 5 and UCaSrO 5 are
roughly intermediate between the two extremes of U 3 O 8 and UCa 1.5 Sr 1.5 O 6 , and are
not shown. One feature of the variation of J c with T 1 is that the relative maximum
for each doping level more or less shifts to slightly lower temperatures. This concept
was highlighted above in discussion of Figure 9-8, and is again apparent in Figure
9-9. The maximum J c for an undoped tape occurs at around T 1 =838 oC. For a 0.28
at% doped tape, the maximum is near 836 oC. 0.56 at% doping results in a maximum
around 834 oC. These trends of a fairly continuously decreasing J c maximum temperature with increasing doping level are also observed for other dopant compounds.
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1.1 at% doping would appear to have no relative maximum, but instead a wide,
broad region from around 832 to 840 oC at which it has relatively similar J c values.
This apparent broadening of the “maximum” J c region is discussed in the next subsection, §9.2.4.
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Figure 9-9 Variation of critical current with T 1 and doping level for UCa 1.5 Sr 1.5 O 6
doped tapes. Tapes heat treated with T 2 = 815 oC. Error bars represent one standard
deviation of experimentally recorded results.

9.2.4 Variation of Jc with “First” Sintering Temperature and Uranium Dopant (T1 & Compound)
Figure 9-10 shows a comparison of J c values between 1.1 at% uranium compound doped tapes and the undoped control tape at different annealing temperatures,
T 1 , under a fixed T 2 (815oC). As discussed above in §9.2.3, it is seen that the uranium compound doped tapes show less sensitivity to annealing temperature than the
undoped tape. For these tapes J c remains virtually unchanged at a maximum in the
annealing temperature range 832 oC to 840 oC. This is in contrast to the relatively
narrow maximum of the undoped tape’s J c , which occurs around 838±1 oC. Widening of the processing temperature window could be beneficial in practical production
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of Bi-2223/Ag tape, as precise temperature control would not be as critical. The
mechanism for this widening of the processing window in uranium compound doped
tapes remains unclear.547
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Figure 9-10 Variation of critical current with T 1 and uranium containing dopant at a
doping level of 1.1 at%. Tapes heat treated with T 2 = 815 oC. Error bars represent one
standard deviation of experimentally recorded results.

In addition to the noteworthy “flatness” of the J c versus T 1 curves for uranium
doped tapes, Figure 9-10 also shows the significant effect that the different dopant
materials have on the J c of the Bi-2223/Ag tapes. The progression is quite clear, with
U 3 O 8 doped tapes being the worst performers at around 1000 A.cm-2. Jumping approximately 4000 A.cm-2, the UCa 2 O 5 tapes rank second. Doping with UCaSrO 5
rather than UCa 2 O 5 gives an additional 2000 A.cm-2 boost to tape performance. At
around 12000 A.cm-2, the UCa 1.5 Sr 1.5 O 6 doped tapes are about 5000 A.cm-2 better
performers than the UCaSrO 5 doped tapes, but still some 5000 A.cm-2 worse performers than the undoped tapes. This general trend in relative order of performance
is repeated throughout the other figures that show the variation of J c with T 1 for a
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particular doping level of each compound. At lower doping levels (not shown), the
differences between the differently doped tapes are less significant than at the 1.1
at% doping level shown.

9.3 OPTIMISED THERMOMECHANICAL PROCESSING
As discussed in §9.2.1, a number of the maximum J c values for optimally processed tapes were obtained from T 2 temperatures of 820 and 825 oC. On the other
hand, the majority of the thermal processing variation work was carried out with a
T 2 temperature of 815 oC. It is worthwhile comparing the maximum J c values obtained for each doped tape at each doping level for each T 2 value employed. This
comparison is made in Table 9-2.
Table 9-2 Maximum J c values of optimally processed uranium doped tapes for each
T 2 value (815, 820, and 825 oC) as a percentage of the maximum J c value of an optimally processed undoped tape. The maximum for each tape is highlighted in grey.

Dopant
None
U3O8
U3O8
U3O8
UCa 2 O 5
UCa 2 O 5
UCa 2 O 5
UCaSrO 5
UCaSrO 5
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6

Doping Level
(at%)
0
0.28
0.56
1.1
0.28
0.56
1.1
0.56
1.1
0.28
0.56
1.1
2

J c as a % of optimally processed undoped tape
T 2 = 815 oC
T 2 = 820 oC
T 2 = 825 oC
100
91
95
70
73
67
60
52
52
6
15
12
79
75
74
70
60
64
34
45
39
53
64
21
44
48
27
74
58
81
82
97
77
74
84
62
47
50
19

Table 9-2 provides some challenging data. Of the thirteen differently doped
tapes, only four have a maximum J c under processing conditions of T 2 =815 oC. Over
half of the tapes, eight, have a maximum J c value when processed with T 2 =820 oC.
The remaining single tape was apparently best processed with T 2 =825 oC. Initially, it
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may appear that T 2 values of around 820 oC might be the best for processing. However, when the actual magnitude of the variation between the maximum J c obtained
with T 2 =815 oC and either 820 oC or 825 oC is compared, the differences are generally shown to be comparatively minor compared to the variations between dopants or
doping levels. Table 9-3 lists the percentage differences, as compared to the optimally processed undoped tape. With the exception of a 15% difference for the 0.56 at%
doped UCa 1.5 Sr 1.5 O 6 doped tape, all the differences, both positive and negative, are
around 10% or less. On the one hand, a 10% improvement in J c is nothing to be
scoffed at, and there is strong indication that processing with these higher T 2 values
may improve performance. However, on the other hand, overall, the performance of
tapes processed with T 2 temperatures other than 815 oC is comparatively similar to
those processed with a T 2 temperature of 815 oC. This is especially true when the
variation between individual tapes with the same dopant, doping level, T 2 temperature, and T 1 temperature is taken into account. In many cases, as the “error” bars on
the figures in the chapter show, 10% is comparable to variation between samples that
are otherwise treated under identical conditions.
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Table 9-3 Percentage difference between optimal J c values of tapes processed with
T 2 =815 oC and tapes processed with T 2 = 820 or 825 oC. A negative difference indicates that the T 2 =815 oC processed tape was superior to the T 2 = 820 or 825 oC processed tape.

Dopant
None
U3O8
U3O8
U3O8
UCa 2 O 5
UCa 2 O 5
UCa 2 O 5
UCaSrO 5
UCaSrO 5
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6
UCa 1.5 Sr 1.5 O 6

Doping Level (at%)
0
0.28
0.56
1.1
0.28
0.56
1.1
0.56
1.1
0.28
0.56
1.1
2

% Difference
-5
3
-8
9
-4
-6
11
11
4
7
15
10
3

Figure 9-11 shows the variation of J c with doping level for the various uranium
compound doped tapes after the full spectrum of thermal processing optimisations
had been carried out. The normalised values of J c shown in Figure 9-11 are the maximum values from the three T 2 temperatures employed. This figure is similar to the
figures in §9.2.2, and even after complete optimisation of J c with thermal processing,
some of the trends observed in §9.2.2 are still evident in this figure.
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Figure 9-11 Variation of J c with doping level of uranium compound doped tapes after
optimised thermomechanical processing. J c values are normalised to that of an optimally processed undoped tape. Error bars represent one standard deviation of experimentally recorded results.

As expected, additions of all compounds reduced the J c of the Bi-2223/Ag
composites. Low level additions (0.28 atomic % uranium) reduced current carrying
capacity by 20%-30% for all compounds. Moderate doping levels (0.56 atomic %
uranium) showed that U 3 O 8 , UCa 2 O 5 , and UCaSrO 5 gave similar reductions in J c of
around 30-40%, but that UCa 1.5 Sr 1.5 O 6 only reduced I c by around 5%. At higher
doping levels (1.1 atomic % uranium), the differences between the three compounds
became very apparent: U 3 O 8 reduced I c by 85%, UCa 2 O 5 by 55%, UCaSrO 5 by
50%, and UCa 1.5 Sr 1.5 O 6 by only 15%. At the very high doping level of 2 at%,
UCa 1.5 Sr 1.5 O 6 additions reduced the J c of the Bi-2223/Ag tapes by around 50%.537
This trend provides evidence for a tolerance in doping of the Bi-2223 matrix.
At low doping levels (0.28 at%), the small amount of phase formation interference as
a result of elemental leaching that occurs even in the worst case (U 3 O 8 ) gives low
reductions in J c (~25%), similar to those given by other, more compatible com229

pounds. When greater amounts of compounds are added (0.56 at%), the tolerance of
the Bi-2223 system appears to be exceeded. At these moderate levels, the degradation of UCa 1.5 Sr 1.5 O 6 is still low (~5%), but the degradation of U 3 O 8 becomes more
serious (~40%). The effects of the U(Ca,Sr) 2 O 5 dopants fall between the U 3 O 8 and
UCa 1.5 Sr 1.5 O 6 effects, but lie closer to the effects of U 3 O 8 . This is reasonable, considering that U 3 O 8 would be expected to react most seriously and would thus be the
first compound to exceed the tolerance of the Bi-2223 matrix for leaching of calcium
and strontium. At higher doping levels of 1.1 at%, U 3 O 8 gives extreme J c reductions
of around 85%, U(Ca,Sr) 2 O 5 doping results in moderate reductions of around 55%,
and UCa 1.5 Sr 1.5 O 6 gives small reductions of merely 15%. Again, this behaviour can
be explained by considering the leaching severity of the compounds in question and
the tolerance of the Bi-2223 matrix. Even at this high doping level, UCa 1.5 Sr 1.5 O 6
doping only causes small reductions in J c .537
The “tolerance” of the Bi-2223 matrix system for leaching of strontium and
calcium probably does not lie with the ability of the matrix to form Bi-2223 even
when deficient in strontium and calcium. More likely, given the variations in microstructure observed in §8, the “tolerance” lies in the ability of the tape core to still
form an interconnected superconducting grain structure even in the presence of large
amounts of secondary phases and porosity. With dopants containing relatively less
strontium and calcium removing relatively more of these elements from the tape core
for their own uranium containing phases, greater amounts of secondary, usually copper rich, phases were produced. At the same time, porosity increased, although
whether this was due to gas evolution during sintering or disruption of the microstructure by non-lamellar grains is at this stage unknown.
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At the high doping level of 2 at% uranium (4.5 wt% uranium) in the form of
UCa 1.5 Sr 1.5 O 6 (10 wt% UCa 1.5 Sr 1.5 O 6 ), the transport critical current of the Bi2223/Ag tape was reduced by 50% (Figure 9-11, page 229). Comparatively, this is a
small reduction, considering that as seen in Figure 9-11, the best reduction at 1.1 at%
for the other dopants is 50% (UCaSrO 5 ). Although likely too large a reduction in J c
for use at this high doping level, the result attests to the high compatibility of
UCa 1.5 Sr 1.5 O 6 with the Bi-2223 matrix. UCaSrO 5 has the same calcium:strontium
ratio as the highly compatible UCa 1.5 Sr 1.5 O 6 , but has a higher uranium content. It
was hypothesised that Ca:Sr ratio may be an important consideration in Bi-2223dopant compatibility. This might seem particularly likely considering that the Ca:Sr
ratio in Bi-2223 is almost the same as that in both UCa 1.5 Sr 1.5 O 6 and UCaSrO 5 .
However, upon testing, the UCaSrO 5 compound performed almost identically to the
UCa 2 O 5 compound. UCaSrO 5 did perform marginally better than UCa 2 O 5 at 1.1
at% doping level (50% reduction in J c rather than 55%, Figure 9-11), indicating that
Ca:Sr atomic ratio was a consideration in compatibility, but not the most important
factor.548
The underlying reasons for this comparatively lower impact of calcium:strontium ratio as compared to the exact calcium and strontium stoichiometry is
made clear by the quantitative EDS analysis carried out in §8.4. There, it was found
that, irrespective of initial uranium dopant, the final uranium containg phase almost
invariably contained a combined calcium and strontium stoichiometry of 3. The precise ratio of calcium to strontium was often also fairly close to 1:1, but the stoichiometry seemed a more important factor. Thus, when UCaSrO 5 was doped into the
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Bi-2223/Ag system, strontium and calcium would have been removed from the matrix.
It would be interesting to dope Bi-2223/Ag tapes with UCa 3 O 6 and USr 3 O 6
and to determine the resultant uranium containing phases. This experiment may give
some further indication of how important stoichiometry is over the calcium to strontium ratio. If large amounts of the “missing” element (strontium or calcium) were
removed from the Bi-2223 matrix, then the calcium:strontium ratio could be considered a significant parameter. On the other hand, if small amounts of the “missing”
element were removed, then it would be clear that the stoichiometry, rather than the
elemental ratio of calcium and strontium, was the important factor. At the moment,
given the results for UCaSrO5 and UCa 2 O 5 it would definitely appear that stoichiometry is the most important, but that elemental ratio is also somewhat important.
This conclusion is based on the significant extraction of strontium from the Bi-2223
matrix by UCa 2 O 5 , which was comparatively in excess of that needed to give a final
(calcium, strontium) stoichiometry of 3.
The only comparisons that can be drawn between the results presented here
and the work of previous authors are in relation to plain uranium oxide doping. Most
authors were more interested in the physical performance of uranium doped Bi2223/Ag tapes after irradiation,27,29,329,330,436,461,466,481,482,484-486 so there are relatively
few published results with which to compare the current work. Guo et al. doped Bi2223/Ag composite tapes with 0.08, 0.15, and 0.22 at% UO 4 †, and after optimising
thermal processing measured critical current density.30 Reasonably consistent losses
of J c with increasing doping level were found.30 Tönies et al. investigated samples
†

†

Discussions with the authors ascertained that the dopant used was actually UO2.2H2O.
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similar to those of Gou et al., but also increased the doping level to 0.37
at%.30,329,481,482 Critical current densities for the samples of Tönies et al. with 0.08
and 0.15 at% uranium were found to be similar to undoped material, while the higher
doping levels of 0.22 and 0.37 at% showed greater reductions in J c .329,481,482 The results of Guo et al. and Tönies et al. are compared to the results of the current work
for uranium oxide doping of Bi-2223/Ag tapes in Figure 9-12.30,329,481,482

1.1

U3O8
UO2.2H2O Guo
UO2.2H2O Tonies

Relative Jc cf Undoped Tape

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.2

0.4

0.6

0.8

1

1.2

U Doping Level (at%)
Figure 9-12 Variation of relative J c of uranium oxide doped tapes after optimised
thermal processing.30,329,481,482

Critical current density losses suffered by uranium oxide doped samples of
Gou et al. and Tönies et al. were comparable, but slightly less, than the losses suffered by uranium oxide doped samples in the current work. For the most part, this is
entirely reasonable, as the doping levels employed by these authors were generally
lower than the doping levels used in the work here. It seems that loss in J c is initially
slight for low doping levels, and increases in magnitude non-linearly with increasing
doping level. This observation fits with the concept of “tolerance” discussed above.
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The only data point that does not exactly fit the trend is the 0.37 at% doped sample
of Tönies et al., which has slightly superior performance to the 0.28 at% doped sample of this work.329,481,482 This possibly suggests either a difference in processing
conditions such as intermediate pressing or final rolling, or a difference in the chemical compatibility of UO 2 .2H 2 O with the Bi-2223 system as compared to U 3 O 8 .
†

However, the 0.37 at% doped data point still roughly fits the overall trend observed
of reduction in J c with increasing uranium oxide doping level, and is within experimental error.

9.4 VARIATION OF JC WITH MAGNETIC FIELD
One of the primary reasons for wanting to introduce fission defects into the
structure of Bi-2223/Ag superconducting tapes is to improve the performance of the
tapes at fields where flux pinning is significant. For this reason, it is worthwhile to
investigate the influence of uranium doping on the performance of Bi-2223/Ag tapes
under an externally applied magnetic field. Details of the experimental apparatus
used for this testing can be found in §4.6 of the Experimental Methods, on page 120.
Figure 9-13 and Figure 9-14 show the variation of J c for a selection of tapes under an
applied magnetic field parallel to the c-axis and ab-axis, respectively.
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Figure 9-13 Variation of J c with applied magnetic field (H||c) for 0.60 at% U (as
U 3 O 8 ) and 0.56 at% U (as UCa 2 O 5 ) doped Bi-2223 tapes subjected to either single or
double grind mixing procedures. See §4.3.2 for elaboration on the “single” and “double” grinding denotations.
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Figure 9-14 Variation of J c with applied magnetic field (H||ab) for 0.60 at% U (as
U 3 O 8 ) and 0.56 at% U (as UCa 2 O 5 ) doped Bi-2223 tapes subjected to either single or
double grind mixing procedures. See §4.3.2 for elaboration on the “single” and “double” grinding denotations.
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Doping with uranium appears to increase the loss of current with magnetic
field at all fields tested. The decrease at low fields (essentially all of Figure 9-13, and
fields under around 0.5 T in Figure 9-14) implies a loss of grain connectivity as a
result of exacerbation of weak link structures by uranium doping. At higher fields
(the far right portion of Figure 9-13, and fields above around 0.5 T in Figure 9-14)
the normalised J c of doped tapes remains essentially parallel to the undoped tape,
which indicates that uranium doping has no direct influence on the intragrain flux
pinning in Bi-2223 platelets. Largely, these results are as might be expected given
the microstructures observed in §8. With increasing proportions of secondary phases,
intergrain current flows would inevitably be forced through some connections that
function as weak links. As the externally applied magnetic field was increased, these
weak link junctions would begin to fail, and critical current would more rapidly decline in doped samples than in the undoped tape. After a certain field was reached,
the often observed “weak link to flux pinning” crossover would occur.27 At fields
above this field, intragrain flux pinning becomes the dominant mechanism of critical
current limitation, and as uranium doping itself has no positive or negative effect on
flux pinning, the commensurate losses in current with further increasing field are
comparable for both doped and undoped tapes.
With processing of the uranium compound doped tapes at the current stage, it
is not entirely clear if UCa 2 O 5 is a superior dopant with respect to U 3 O 8 in terms of
critical current loss with magnetic field. In Figure 9-13, with H||c, U 3 O 8 doping outperforms UCa 2 O 5 doping, but at 90o, with H||ab, in Figure 9-14, the reverse is true.
Schulz et al. found uranium doping to slightly worsen the field dependence of J c in
Bi-2223/Ag tapes, similar to the effects observed here.27 Tönies et al. likewise found
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that doping with uranium produced “slight” decreases in critical current, and that the
decrease was generally related to the doping level.481 “Slight decreases” were in fact
around 25% at moderate to high fields and less at low fields, with the high field differences being reasonably consistent.481 These results are very comparable to the results shown in Figure 9-13 and Figure 9-14.

9.5 VARIATION OF JC WITH IMPROVED MIXING
One of the critical parameters of the U/n process is the spacing between uranium particles.330 This is because fission products have a maximum range of some 20
µm in BSCCO, and an effective range of less than 10 µm. Thus, it is essential that
uranium particles be spaced no more than about 20 µm apart. Such a spacing allows
for coverage of the entirety of the superconductor with fission defects as a result of
U/n doping and thermal neutron irradiation. During investigation of the microstructures of the uranium doped tapes in §8, on page 167, it became clear that with the
processing used, uranium particles were very inhomogenously distributed. Uranium
particles ranged in size from about 2 µm to nearly 20 µm, and the inter-uranium particle spacing was often in excess of 50 µm.
It was already known that the mixing method of mortar and pestle grinding by
hand was likely to be less than optimal, but the microstructural investigations (§8,
page 167) highlighted just how ineffective a method hand grinding was. As a test, a
batch of doped tapes were produced as described in §4.3.2 of the Experimental
Methods, on page 114, with an additional duplication of the mixing step. Although
the additional step was again hand mortar and pestle grinding, it was expected that
regrinding after a small heat treatment would greatly benefit the homogeneity of the
core microstructure. Additionally, with a more evenly distributed uranium dopant, it
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would be hoped that physical performance of the doped tapes would be improved.
The improvement of physical performance with improved mixing was conjecture
based on the supposition that the large, spherical uranium particles caused disruption
to the microstructure of the core. With a larger number of much smaller particles, the
disruptions would, hopefully, be less severe.
Figure 9-15 shows the variation of J c of four tapes, two undoped and two
doped with UCa 2 O 5 . One of each of the two sets of tapes was “double” mixed, and
the other was “single” mixed. The “single” mixed tapes are directly comparable to
those discussed elsewhere in §9. Additional mixing does not significantly alter the
performance of the undoped tape. However, additional mixing would seem to adversely affect the J c of the UCa 2 O 5 doped tape, with a consistent loss in performance
of some 25%. Additional mixing is not entirely negative, as “double” mixing improved the J c versus magnetic field performance of the UCa 2 O 5 doped tape in Figure
9-13 and Figure 9-14, both on page 235.
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Figure 9-15 Variation of critical current of single grind mixed and double grind mixed
undoped and 0.56 at% U (as UCa 2 O 5 ) doped tapes with thermal processing. The Xaxis indicates the “first” sintering temperature (T 1 ). Error bars represent one standard
deviation of experimentally recorded results.

Unfortunately, as no microstructural or phase analysis was carried out on
“double” mixed samples, it was not possible to ascertain the reasons underlying this
drop in performance as a result of additional mixing. Likewise, it was not possible to
determine if the additional mixing step had actually improved the uranium particle
distribution. On the assumption that the additional mixing did result in smaller, better distributed uranium particles, there is cause for concern that the interaction between the uranium dopant and Bi-2223 matrix may have been increased. Smaller,
more homogenously distributed uranium particles have both a much greater interface
area and closer proximity to a larger proportion of the Bi-2223 matrix. Thus, it
would be expected that chemical interaction would be significantly increased. As it
is known from §8.2 (page 178) and elsewhere in §9 that UCa 2 O 5 is not an ideal dopant, then any adverse effects would have been magnified by the additional mixing
step.
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Testing for variation in J c with superior mixing of tapes doped with
UCa 1.5 Sr 1.5 O 6 would be helpful in clarifying whether the above hypothesis is correct. UCa 1.5 Sr 1.5 O 6 appears to be relatively compatible with Bi-2223 at high doping
levels and when well distributed, as the PIXE elemental area map of the 2 at% doped
UCa 1.5 Sr 1.5 O 6 doped tape core (Figure 8-23, page 200) showed uranium was comparatively homogenously distributed. Additionally, this homogenous distribution did
not seem to affect J c as adversely as might have been expected at such a high doping
level, as discussed previously in this chapter.
In addition to trialing improved mixing procedures with UCa 1.5 Sr 1.5 O 6 it
would also be desirable to test more efficient mixing techniques than hand mortar
and pestle grinding. While this type of mixing is common in laboratory experiments,
especially for customised sample preparation, it is both labour intensive, relatively
inefficient, and not particularly effective. Other mixing processes such as automatic
mechanical ball milling are much more effective, and have additional advantages
such as greater reproduceability.

9.6 SUMMARY
Doping Bi-2223/Ag with uranium compounds rather than uranium oxide had a
much less damaging effect on J c . Strontium to calcium stoichiometric ratio of the
dopant played a minor role in compatibility with Bi-2223, with UCaSrO 5 having
around 5% greater J c than UCa 2 O 5 at equivalent doping levels of 1.1 at%. However,
it was total strontium plus calcium stoichiometry that proved to be the most important factor, with an ideal stoichiometry of (strontium,calcium) 3 becoming apparent. UCa 1.5 Sr 1.5 O 6 could be doped at levels of 1.1 at% with a loss in J c comparable
to a 0.22 at% doped uranium oxide tape. Additionally, doping Bi-2223/Ag tapes with
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uranium compounds would appear to widen the temperature range for optimum processing, which is an unexpected boon and may facilitate more simplified production
of such doped tapes.
However, the thermal optimisation for more varied T 2 temperatures is still not
complete enough to make sweeping statements of overall compatibility or lack there
of regarding particular uranium dopants. Further exploration of the influence of sintering temperatures is probably required. In particular, the apparently anomalously
low J c for the 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tape requires some additional investigation. The low J c would not, at this stage, appear to be justified by variations in thermal processing conditions. Coupled with the comparatively poor microstructure of
the low J c 0.28 at% UCa 1.5 Sr 1.5 O 6 doped tape (§8), it would be desirable to repeat
some investigations on this combination of dopant and doping level to further clarify
the reasons for such low performance in this sample. Additionally, further magnetic
field dependence and uranium phase distribution work is justified, given the limited
results presented so far, and the contradictory nature of these results.
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10 CONCLUSION
Uranium doping of HTS, followed by thermal neutron irradiation (the U/n
method) has previously been demonstrated to be very effective at increasing J c in
YBCO. In addition, the U/n method reduces J c anisotropy and greatly improves J c
performance of Y-123 under the presence of an externally applied magnetic field.
Similar improvements have been found with U/n processed Bi-2223/Ag HTS tapes.
However, the U/n process is not as readily applicable to Bi-2223/Ag tapes as it is to
bulk YBCO. The first main reason for this is the greater chemical and phase complexity of the Bi-2223/Ag system, which leads to easy and significant interactions
between dopants and the Bi-2223/Ag system, which results in significant drops in
physical performance upon uranium doping. The second problem is the unfortunate
capture of thermal neutrons by the silver sheath of Bi-2223/Ag tapes, which results
in the formation of a highly radioactive silver isotope. Bi-2223/Ag remains an extremely promising HTS composite, however, with distinct advantages in ease of processing for long lengths, and a very high T c , both of which make it an attractive material for commercial engineering use.
The two main objectives of this work were to clarify the interaction between
uranium and Bi-2223/Ag tapes, and to increase the uranium additions to Bi-2223/Ag.
These goals were formulated to allow for more ready introduction of larger amounts
of uranium into the Bi-2223/Ag structure with smaller negative side effects. Previous
work with UO 2 .2H 2 O doped Bi-2223/Ag tapes showed a significant drop in physical
performance with only minor doping levels. Should it prove possible to increase uranium additions to Bi-2223/Ag tapes without large losses in J c , then residual radioactivity of the silver sheath could be commensurately decreased, and significant gains
in physical performance could be simultaneously engendered.
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To a large extent, the original aims of this work were achieved. Uranium containing phases within Bi-2223/Ag tapes doped with different uranium containing
compounds were identified. A systematic study of the variation of critical current
density with thermal processing and optimisation of differently doped tapes was carried out. Compared to previous work, which succeeded in doping Bi-2223/Ag with
around 0.22 at% uranium in the form of UO 2 .2H 2 O with a loss in J c of around
12%,30,329,481,482 the current work has achieved a considerable increase in doping levels. By employing the UCa 1.5 Sr 1.5 O 6 compound, which was more chemically compatible with Bi-2223/Ag, doping levels have been increased to 2 at%, with a comparable loss in J c of 15%.
Several uranium containing dopant phases were isolated and synthesised externally to the BSCCO system. U 3 O 8 is a common uranium oxide, while UCa 2 O 5 is
a known uranium containing compound. UCaSrO 5 and UCa 1.5 Sr 1.5 O 6 compounds
were synthesised, and found to be solid solutions of the families U(Ca,Sr) 2 O 5 and
U(Ca,Sr) 3 O 6 , respectively. The UCa 1.5 Sr 1.5 O 6 was thermally stable to over 1000 oC,
and so in addition to being chemically compatible with the Bi-2223 matrix, it was
thermally stable at the sintering temperatures of around 840 oC employed for Bi2223/Ag production. Uranium doping consistently lowered the optimum thermal
processing temperature of Bi-2223/Ag with increasing uranium additions. Additionally, as doping increased, the relative height of the optimum sintering temperature J c
peak lowered. At doping levels of around 1.1 at%, there was essentially no peak, and
a broad optimum sintering temperature range of some 8 oC was found.
Irrespective of the original form of the uranium phase, the resultant uranium
containing particles are spherical, and typically have rough, uneven surfaces. These
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uranium containing particles disrupt the normally lamellar microstructure of the Bi2223 core and generate porosity. Increasing the calcium content of the particles appeared to smooth their surfaces, and commensurately decrease the surrounding void
space. Again, almost regardless of the original form of the uranium containing dopant, the final uranium phase after processing nominally adheres to the stoichiometry
UCa 1.5 Sr 1.5 O 6 .
When doped with U 3 O 8 , the Bi-2223 core loses strontium and calcium to form
a nominally UCa 1.5 Sr 1.5 O 6 uranium phase. As a result, copper oxides remain, and
eventually voids and Bi-2212 phase appear at higher doping levels. UCa 2 O 5 is more
chemically compatible with the Bi-2223 tape core than U 3 O 8 , but ties up considerable strontium as well as additional calcium, and again forms a uranium phase with
nominal composition close to UCa 1.5 Sr 1.5 O 6 . This causes copper oxides and eventually calcium oxides to form, and disrupts the core microstructure. Adding pure
UCa 1.5 Sr 1.5 O 6 results in much less damage to the core microstructure, but even
UCa 1.5 Sr 1.5 O 6 takes up small amounts of strontium and calcium, and more importantly, noteworthy quantities of copper. Calcium oxides and then strontium oxides form as a result. UCaSrO 5 doping resulted in comparable J c performance to
UCa 2 O 5 doping, both of which were significantly worse than UCa 1.5 Sr 1.5 O 6 doping.
This indicates that the total (calcium + strontium) stoichiometry of the dopant is
more important than the calcium:strontium ratio, with an ideal stoichiometry of (calcium + strontium) of 3 becoming apparent.
The general trends for critical current were a reduction in J c with increasing
doping level. Initial reductions in J c were comparatively smaller than reductions at
higher doping levels, implying a small “tolerance” of the Bi-2223/Ag system for mi-
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nor amounts of doping. Employing compounds that were more chemically compatible with the Bi-2223/Ag tape extended the “tolerance” range, and allowed greater
additions of uranium with comparatively smaller losses in J c . The least compatible
dopant with Bi-2223 was U 3 O 8 , followed by UCa 2 O 5 , then UCaSrO 5 , and finally
UCa 1.5 Sr 1.5 O 6 was the most compatible compound. The “tolerance” of the Bi-2223
core would appear to be related to the ability of the core to still form strong links after microstructural disruption as a result of uranium doping. With less compatible
dopants, and thus greater proportions of secondary phases, the relative number of
strong links decreases. The field dependence of J c also conforms to this scenario,
with doping worsening J c -H dependence at low fields, but not changing the relationship at higher, flux pinning dominated, fields.
Further study is required in the U-BSCCO system to more fully determine the
reactions that are occurring. A greater degree of physical characterisation, including
measurements such as T c , AC susceptibility, and additional J c variation in magnetic
field analysis will also provide useful insights into the changes occurring upon doping. In particular, T c measurements will be useful for determining the extent of substitution occurring by uranium within the Bi-2223 structure. Given the results here
and determined by others, it seems that some level of homogenous distribution of
uranium occurs up to a doping level of 0.10 - 0.15 at%.27,30,472,478 Whether this homogenous distribution is due to uranium substitution into lattice sites of Bi-2223 or
due to a morphological distribution is not yet clear. However, some T c and H*(T)
measurements by Tönies et al. show doping has no influence on T c or H*(T), which
indicates that uranium does not occupy a position in the Bi-2223 crystal lattice.482
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Additional work relating to the effects of further thermomechanical variation
would be helpful for both improving physical performance of uranium doped tapes
and in understanding the phenomena occurring as a result of doping. In particular,
greater variation of the “second” sintering temperature, T 2 , would be useful, as
would further investigation into the effects of intermediate mechanical deformation.
The understanding of doping related chemical phenomena would also be enhanced
by additional work relating to doping with UCa 3 O 6 and USr 3 O 6 , which would allow
more information about the importance of uranium dopant calcium to strontium ratio
to be learned. Additionally, UCa 1.5 Sr 1.5 O 6 is not a perfectly unreactive Bi-2223/Ag
dopant, and it appears that a dopant of the form UCa 1.5 Sr 1.5 CuO x would be worth
investigating.
Once chemical compatibility has been optimised, physical distribution of the
uranium phase will require greater investigation.446 Optimally, a fine, homogenous
distribution of uranium will be achieved, as this will greatly enhance the benefits of
later thermal neutron irradiation and fission. There still remains significant work to
be done in the area of dopant mixing and physical distribution, as the detrimental
effects of doping appear to be magnified when the dopant is more homogenously
distributed in smaller particles.
With the relative merits of the U/n method firmly established,330 and initially
promising

results

in

application

of

the

U/n

method

to

Bi-

2223/Ag,27,29,329,436,461,466,481,482,484-486 use of the method hinges more on overcoming
people’s irrational distrust of radiation than on any technical hurdles.37 The nine fold
increase in the potential uranium doping limit presented here implies the same magnitude of reduction in thermal neutron fluence and subsequent radioactivity of U/n
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processed Bi-2223/Ag tape by replacing uranium oxide with UCa 1.5 Sr 1.5 O 6 . With a
less damaging way of introducing uranium into the Bi-2223 matrix, greater additions
of uranium can be made, allowing lower thermal neutron doses to be used while
maximising the flux pinning enhancement effect, thus reducing residual radioactivity. In addition, uranium compound doping widens the thermal processing window of
Bi-2223/Ag, which bodes very well for more consistent production of larger quantities of tape. This research on uranium doping of Bi-2223/Ag tapes paves the way for
future enriched uranium doping and subsequent fission track defect enhancement of
J c in long lengths of Bi-2223/Ag superconducting tape.
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